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Summary

In this Master project, the MARTHA lidar system at TROPOS was upgraded by imple-
menting a new fluorescence channel into both the near-range and far-range receivers. Two
identical interference filters in tandem, centered at 466 nm and with a width of 44 nm,
select a part of the fluorescence spectrum of fluorescing atmospheric particles and at the
same time strongly suppress the elastic backscattering at the three laser wavelengths.
A calculation approach for the fluorescence backscatter coefficient (Ogp.), inspired by
Veselovskii et al.| (2020), was developed and further improved. As this approach uses a
calibrated ratio of the fluorescence channel’s signal and the nitrogen Raman signal, no
reference height is needed to determine fgy,,. Three measurement cases from summer and
early autumn 2022 demonstrated the benefits of the new fluorescence information.

The measurements with the near-range channel showed that with this filter approach
it is possible to detect the fluorescence of aerosol layers in the lower and middle tropo-
sphere. The analysis confirmed the size range of gy, as four orders of magnitude lower
than the elastic backscatter coefficients, as stated by Veselovskii et al.| (2020). Spyy, varied
from 0.26 x 10~*Mm ™' sr~* for boundary-layer aerosol up to 1.45 x 10~*Mm ' sr~! for a
strong smoke layer. The fluorescence capacity (Gr) proved to be a useful tool to separate
clouds from fluorescent aerosol. Moreover, when comparing two layers in combination
with the associated elastic backscatter coefficients, G is a first indication of the fraction
of fluorescent particles in the respective aerosol layer.

The far-range fluorescence channel was even capable of detecting thin smoke layers (51064 <
0.05 Mm_lsr_l) in the upper troposphere and lower stratosphere up to 14 km height.
Here, Brio ranged between 1 x 107" Mm 'sr~! and 3.5 x 10~*Mm ™ sr~!, with the low
values belonging to dust (mixtures) and the higher values to smoke layers of wildfires.
Particularly outstanding is that some of these fluorescent layers were not detectable in
the range-corrected signals of the elastic channels.

A first statistical evaluation of the measurements with the far-range fluorescence channel
indicated a fluorescence backscatter coefficient in the range of 2—6 x 10=> Mm ™' sr~! for
most aerosol layers. The fluorescence capacity varied between 2 x 1075 and 8 x 1074, and
the smoke layers were characterized by significantly higher values than the rest. In con-
trast, the dust mixtures showed rather low values of Gg. This characteristic emphasizes
the fluorescence capacity’s potential for aerosol classification, particularly when combined
with depolarization.

As the water-vapor channel was kept in the new MARTHA setup, the relative-humidity
information could be used to show that most of the observed fluorescing aerosol layers
were very dry. This anti-correlation of fluorescence and water vapor is an interesting issue
to investigate and should therefore be considered further in future research.
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1 INTRODUCTION 1

1 Introduction

Climate change is increasing the number and intensity of wildfires (Xu et al., 2020)). The
global increase in average temperature (Gulev et al., 2021) and a precipitation shift to the
winter season (Xu et al., [2020)) increase the frequency, duration and intensity of heatwaves
and droughts during the summer (Jones et al., 2020). The wildfire season is prolonged
and the number of ignition sources raises (Xu et al., 2020). Intensive wildfires can pro-
duce large smoke plumes, which can be transported over larger distances and influence
the radiation budget (via optical depth increase) and cloud cover (via aerosol-cloud inter-
actions) even in remote areas. This connection corroborates the importance of studying
wildfire aerosol in the atmosphere.

Pollen are an important factor for respiratory health. Besides causing allergies, recent
studies suggest a relation of airborne pollen concentrations to an increase in cardiopul-
monary and cardiovascular health outcomes (Nitschke et all 2022; |[Burgler et al. 2021)).
Atmospheric pollen concentrations have increased over the last decades, which may be at-
tributed to the increased atmospheric CO5 concentrations due to anthropogenic emissions
(Ziello et al) |2012). Further, climate change has increased allergic diseases, e.g., due to a
shift of the pollen season to earlier times in the year and an increased pollen production of
wind-pollinated plants (Damialis et al., 2019)). Thus, vertically and time-resolved pollen
measurements — like a lidar can provide — may help to improve prevention of pollen-
related health effects due to a better process understanding and improved forecasts.
Thus, both wildfire smoke and pollen are atmospheric aerosol types of increasing impor-
tance — not only because of their direct impact on us humans, but also because of their
role in the changing climate of our planet. By influencing the Earth’s radiation budget
aerosol-cloud interactions play a key role in understanding and projecting climate change.
Therefore, the aerosol type and properties have to be known outside and inside a cloud
layer. Aerosol classification and the analysis of its optical properties is widely achieved
by multiwavelength Raman lidar measurements of aerosol backscatter and extinction co-
efficients (Floutsi et al., [2022; GroB et al. 2013; [Burton et al 2012), although there are
still some limitations. For example, smoke and volcanic sulfate in the stratosphere show
similar properties and are therefore difficult to distinguish from each other. The same
holds for pollen and mineral dust in the lower atmosphere. They are hard to distinguish
in terms of optical properties. As wildfire smoke and pollen fluoresce, the detection of
the laser-induced fluorescence can help in the distinction here. Veselovskii et al.| (2020)
implemented a fluorescence channel into a multiwavelength Raman lidar and presented
a retrieval scheme for the fluorescence backscatter coefficient. They used this fluores-
cence channel to characterize the pollen load in northern France during the 2020 pollen
season (Veselovskii et all 2021). They also proposed a new inversion scheme for the re-
trieval of the particle number concentration from the fluorescence backscatter coefficient
(Veselovskii et al., 2022a). In combination with the particle depolarization information,
the fluorescence technique has proven to be a powerful tool for an improved aerosol clas-
sification by lidar (Veselovskii et al., [2022b)).
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The improved capability of lidar to identify and separate aerosol types by adding a fluores-
cence channel motivated this Master project. The main goal was to implement two new flu-
orescence channels in the Multiwavelength Atmospheric Raman Lidar for Temperature,
Humidity, and Aerosol Profiling (MARTHA) at the Leibniz Institute for Tropospheric
Research (TROPOS) in Leipzig and to realize first measurements.

This Master thesis is structured as follows: After this introduction, the basics of the li-
dar principle and the methodological background of aerosol type separation and aerosol
fluorescence are outlined in Chapter 2] In Chapter [3| the determination of the aerosol
fluorescence backscatter coefficient is explained. The lidar setup and the installation of
the new fluorescence channels is presented in Chapter [d In Chapter [f] first measurements
with the upgraded MARTHA system are discussed. Starting with the observation of a
single thin smoke layer below cirrus clouds, continuing with a strong smoke event and
ending with hidden aerosol layers, the benefits of fluorescence measurements for aerosol
analysis are illustrated. A summary in Chapter [6] completes the thesis.
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2 Basics

The main topic approached here is the fluorescence induced by the scattering of the laser
photons emitted by a lidar system. Subsequently, the separation of several aerosol types
by means of measured aerosol properties and the physical process of fluorescence are
explained. Finally, the optical features of a lidar system are described.

2.1 Lidar principle

The operation of a Raman lidar is described, e.g., in Whiteman et al.| (1992). A pulsed
laser beam is directed upward in such a way that it points vertically through the atmo-
sphere. This laser beam propagates upward and interacts with aerosol particles and air
molecules. This interaction happens through elastic and inelastic scattering as well as
absorption. The backscattered radiation is detected and recorded as a function of the
height. The height R itself is obtained from the photons’ travel time ¢ with R = %ct,
where ¢ ~ 3 x 108 ms™! is the speed of light.

The goal is to get the scattering properties of the atmospheric particles. These are the
particle backscatter coefficient (fpa:) and the particle extinction coefficient (apar). Ex-
tinction includes both scattering and absorption. From these optical properties one can
then deduce the aerosol-characterizing quantities.

2.2 Lidar equation

The lidar equation quantifies the lidar return signal P(R), which is received by the tele-
scope from a distance R. It can be written as (Wandinger, [2005al)

P(R) = CG(R)B(R)T(R), (2.1)

where the performance factor C' of the lidar system and the range-dependent factor of
the measurement geometry G(R) are determined by the lidar setup. The backscatter
coefficient 5(R) and the atmospheric transmission 7'(R) at a distance R from the receiver
depend on atmospheric properties and shall be investigated.

The system factor .
-

connects the average power of a laser pulse Py with the pulse length 7, the speed of light
¢, the telescope area A and the system efficiency n (Wandinger|, 2005al).
The lidar geometry is illustrated in Fig. [2.1 The geometric factor

O(R)
R2

G(R) = (2.3)

is defined as the quotient of the laser-beam receiver-field-of-view overlap function O(R)
and the squared distance R?. The overlap function accounts for the fact that at short
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Figure 2.1: Tllustration of the lidar geometry (Wandinger} 2005al).

distances only a part of the actual return signal is measured as only a part of the laser
beam can be imaged onto the detector. It is equal to zero at the lidar and equal to one
at the height, from which on the entire laser beam is imaged onto the detector. The lidar
signal decreases quadratically with the distance (R™?) because the telescope area A can
be seen as a part of a sphere’s surface with the radius R enclosing the scattering volume
(cf. Fig. (Wandinger), [2005a)).

The wavelength-dependent backscatter coefficient S(R, Ag) describes the amount of light
that is scattered in backward direction (180° scattering angle) at the laser wavelength .
By summing over all kinds of scattering particles 7, it is defined as

daj,sca

d§2

B(R, do) = X Ny (B) S22, o), (2.4

with V; the concentration of scattering particles of the kind j in the illuminated volume

and the scattering cross section %(ﬂ', Ao) in backward direction at wavelength Ag. Since

scattering in the atmosphere occurs by molecules and aerosol particles, the backscatter
coefficient can also be written as

B(R, o) = Bmol(R, Xo) + Ppar (R, Xo), (2.5)
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with the indices mol for the molecular and par for the particulate component (Wandinger,
2005a).

The transmission term
R
T%(R, \o) = exp l—z / alr, Ao)dr] (2.6)
0

describes the attenuation of the laser light on its way through the atmosphere and can
take values between 0 and 1. The extinction coefficient

R )\0 ZN O'] ext )\0) (27)

or

Oé(R, )\0) = amol(R, )\0) + Oépar(R, )\Q) (28)

is defined in analogy to Eq. as the product of V; and the extinction cross section o ext
for each kind j of scattering particles, and it comprises of a molecular and a particulate
component in analogy to Eq. (Wandinger;, 2005a)).

With these detailed notations of its four terms, the lidar equation can now be written in
the final form:

O(R)

CT
P(R, \o) = PO?AU R2

R
B(R, o) exp [ 2 / alr, A())dr]. (2.9)
0
If a lidar system is equipped with a Raman channel to detect also the inelastic scattering
at air molecules, the lidar equation for the return signal in the nitrogen Raman channel
at wavelength Ag, takes the form (Wandinger, 2005b):

e O(R)
P(R i) = RS AT,

B, (R, ARa) €Xp [— /OR[oz(r, o) + afr, /\Ra)]dr] , (2.10)

or in more detail:

et O(R)
P(R,na) = P An—s

ﬂNz (R> )‘Ra)

R
X exp [_/o [Qmo1 (7, Ao) + Apar (75 Xo) + Qmol (T, ARa) + Qpar (T, )\Ra)]drl (2.11)

0 OB)
= Cr e

BrIVIR =: PR,

where T1, := T(R, \g) and TR = exp {— fOR[amol(r, ARa) + Qpar(T, )\Ra)]dr}.

In the following, only an excitation wavelength of 355nm and thus the nitrogen Raman
signal at 387 nm will be used to derive the fluorescence of atmospheric aerosol particles.
The determination of the fluorescence backscatter coefficient is introduced in Chapter [3
Two methods for solving the lidar equation are described in Appendix [A]



2 BASICS 6

2.3 Intensive aerosol optical properties

In this section, the intensive, i.e., concentration-independent, aerosol-characterizing opti-
cal properties (lidar ratio, depolarization ratio and color ratio) are introduced.

2.3.1 Lidar ratio
The lidar ratio S is defined as

_ Oépar(Ra >\0)
5par(R7 )\0) ’

the ratio of the particle extinction to the particle backscatter coefficient, and it follows
their height and wavelength dependence. On the one hand, it depends on the form of
the phase function of the particles, related to the shape and size of them. On the other
hand, it also depends strongly on the absorption efficiency of the particles, which might
considerably increase the extinction coefficient, making the lidar ratio large in the case of
highly absorbing particles (Ansmann and Miiller, |2005)).

S(R, Ao) (2.12)

2.3.2 Depolarization ratio

The second important aerosol property is the depolarization ratio. The principle of de-
polarization is illustrated in Fig. 2.2(a). The light emitted by the laser is completely
linearly polarized (indicated by the green horizontal arrows in Fig. [2.2(a)). When being
backscattered in the atmosphere, the light can change its polarization, and this change is
closely related to the particle shape. The particle linear depolarization ratio is defined as
(Freudenthaler et al., [2009):

S(R, No) = m, (2.13)

with Bl._(R, Xo) the parallel- and 5 (R, \o) the cross-polarized components of the particle
par

par

(b)

(a) Polarization of the laser light
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Figure 2.2: (a) Illustration of the principle of depolarization. (b) Wavelength dependence of
the particle backscatter coefficients for dust and BBA. Color ratio values for Ay = 532nm and
A2 = 1064 nm are given with their uncertainties.
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backscatter coefficient. Spherical particles do not change the polarization state during the
backscattering process. The backscattered radiation is still linearly polarized. However,
non-spherical particles change the polarization state, i.e., they depolarize laser light. This
change is indicated by a light tilt of the green arrows in Fig. (a) after the scattering
process. Thus, the depolarization ratio is an indicator for non-sphericity of the particles.
It shows low values for spherical particles like pollution and higher values for non-spherical
particles such as desert dust (Haarig et al.,[2017; |(Ohneiser et al| 2020; |Haarig et al., | 2022]).

2.3.3 Color ratio

Finally, a third practical quantity is the color ratio (CR). It describes the spectral behavior
of the backscatter coefficient by using two different wavelengths. It is defined as

X(R) = BUR, 2) (2.14)

B(R, A2)’

the ratio of the particle backscatter coefficients at the wavelengths A\; and Ay. Often the
color ratio of Ay = 532nm and Ay = 1064 nm is used (Burton et al., [2012; Kanngiesser
and Kahnert, 2019)).

As an example, the wavelength dependence of the backscatter coefficient for dust and
biomass-burning aerosol (BBA) is shown in Fig. [2.2(b). Dust shows only a weak wave-
length dependence, resulting in a color ratio of around 1.25 (Zhang et al., 2019; [Burton
et al) [2012)). In contrast, the backscattering of biomass-burning aerosol strongly de-
creases with increasing wavelength, meaning a higher color ratio of around 2.5 (Burton
et al., 2012).

2.4 Aerosol type separation

Classification schemes, based on the previously mentioned aerosol-characterizing quanti-
ties, have emerged during the last decades. [Floutsi et al| (2022); Burton et al. (2012);
Grof et al.| (2013)), e.g., analyzed the typical values of intensive aerosol optical properties
for several types of aerosols. Their usage for the aerosol typing is discussed in this section.
For this purpose, we distinguish between high, medium and low values for each quantity
for the different aerosol types. The results are summarized in Tab. 2.1]

The largest differences for different aerosol types are found in the depolarization ratio.
Fig. shows characteristic values in terms of particle linear depolarization ratio and
lidar ratio at 532nm for various atmospheric aerosol types. The highest depolarization
ratio is found for mineral dust and its mixtures with 20—35 % (Freudenthaler et al., 2009;
Grof3 et al., 2011} Veselovskii et al.,|2016; Hu et al., 2020; |Haarig et al., 2022} |Floutsi et al.|
2022)). Fresh (African) mixtures of biomass-burning aerosol and dust lead to a moderate
level of depolarization (8—26 %) (Grof et al., 2011} |Ohneiser et al.; 2020). Anthropogenic
pollution aerosols, aged (Canadian) BBA and marine aerosol show similar values of the
depolarization ratio in the single-digit percentage range (Grof et al., 2013 Haarig et al.,
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Figure 2.3: Characteristic values of lidar ratio and particle linear depolarization ratio at 532 nm
for various atmospheric aerosol types (Floutsi et al., [2022).

2018; [Floutsi et al., 2022)).
Volcanic ash shows high depolarization ratios (Sassen et al., [2007; Ansmann et al., 2010;
Grof et al., 2012). Thus, mineral dust, volcanic ash and fresh BBA show quite unique

values of the depolarization ratio, but they vary within a certain range. For an efficient
separation, as well as for the types with low depolarization, more information is needed.
Therefore, one can have a look at the lidar ratio next, where all values are given at 532 nm.
Clearly, marine aerosols show very low values of the lidar ratio of around 15—25 sr (Floutsi
et al., 2022; \Grof et all 2011)) compared to the other aerosol types. Urban haze exhibits
532 nm lidar ratios of 35—65sr (Mattis et al., 2004)), absorbing anthropogenic pollution of
around 65—75sr (Mattis et al., 2004)). For BBA, the 532 nm lidar ratio shows the highest
values in the range of 65—100sr (Haarig et al. 2018; (Ohneiser et al., [2020, 2021} [Floutsi
Ct all 2023).

The color ratio may provide further clarity. For most aerosol types, the 532 to 1064 nm
color ratio is quite similar, ranging from 1 to 2 (Burton et al., 2012; |Grof et al., 2013).
Only anthropogenic pollution and BBA show higher values. BBA displays a wide spread
in CR from 1.5—3 (Burton et al., 2012) with large uncertainties. For anthropogenic pol-
lution, the CR values are around 1.5—2.5 (Burton et al.,[2012)). Thus, also the CR ranges
are quite overlapping for these two aerosol types, making the distinction difficult. When
we look at Tab. also volcanic sulfate shows similar properties as smoke and pollution

aerosol, although the lidar ratio is a bit smaller. The separation of smoke and volcanic
sulfate is often a problem for the proper classification of stratospheric aerosol layers. Both
aerosol types are found in the accumulation mode and exhibit typically low depolarization
ratios when occurring in stratospheric aerosols layers. The lidar ratio is not of much help
either, as it varies widely depending on the particular measurement case. In general, all
aerosol types have their characteristic fingerprints, but they vary within a certain range.
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Table 2.1: Typical magnitude of the aerosol-characterizing properties and fluorescence for var-
ious aerosol types. It is only distinguished between high (h), medium (m) and low (1) values.

Depolarization Lidar ratio  Color ratio  Fluorescence
at 532 nm at 532nm  532/1064nm  (444—488 nm)

Dust high medium low low
Marine low low low ?
Smoke l-m high m - h high
Anthropogenic pollution low medium high low
Absorbing pollution low high high low
Volcanic ash high medium low low
Volcanic sulfate (low . .
+ moderate eruptions) low medium high low
Volcanic sulfate

) . low low low low
(major eruptions)
Pollen m - h medium low high

Hence, another measured quantity would provide more unambiguity. Here, the fluores-
cence may help.

Table shows that smoke and pollen are fluorescent, while the other types are not.
Only for marine aerosol, it is not completely clear as it could contain small portions of
biological material. Therefore, the question mark was put in the table. But if marine
aerosol would fluoresce, its fluorescence would be much weaker than for smoke and pollen.
As smoke is fluorescent, while anthropogenic pollution and volcanic sulfates are not, the
latter two types can be easily separated from smoke.

Another example of classification difficulties is the separation of dust and pollen. Both
show similar aerosol optical properties (cf. Tab. and cannot be separated without any
additional information. But pollen are fluorescing while dust is not. Thus, pollen and
dust can be separated by using fluorescence as well.

As we see, fluorescence measurements could greatly improve aerosol classification. That
is the motivation, why we want to implement a fluorescence channel into the MARTHA
system. But beforehand the optical phenomenon fluorescence has to be clarified, what is
done in the next section.

2.5 Fluorescence

Fluorescence is the emission of light by a substance that has absorbed electromagnetic
radiation at a shorter wavelength before. The substances that are fluorescent are called
fluorophores.

The fluorescence process is illustrated in Fig.[2.4] Due to the absorption of electromagnetic
radiation of the wavelength A; an electron transition from the ground state Sy to a higher
energy level S, takes place. The fluorophore is excited. The excited state exists only for
a short time (~ 1—10 ns). During this time span, the fluorophore is subject to some
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Figure 2.4: Energy states of a molecule during the fluorescence process, illustrated in a Jablonski
diagram (Lleres et al., [2007).

changes and interactions with its molecular environment. This process is called internal

conversion (Lakowicz, 2000]).
As a result, a part of the energy, which was absorbed before for the transition to S,, is

already dissipated, i.e., the molecule is now at a lower energy state S;. From this energy
level, the fluorescence emission originates in the following. Returning to the ground state
Sp leads to an emission of a photon with lower energy (and thus longer wavelength \;)
than the absorbed photon (i.e., Ay > A;). The energy difference is called ‘Stokes shift’
(Lakowicz, 2006]).

2.5.1 Fluorescence spectra of pollen

In several studies, measurements of pollen fluorescence spectra were conducted for differ-
ent excitation wavelengths (cf. Figs. 2.7)). [Saito et al.|(2018) and |Zhang et al. (2021))

(@ | A. artemisiifolia by | A. artemisiifolia
----- A. vulgaris ----+ A. vulgaris
S. nigra S. nigra
----- U. dioica ===+ U. dioica
----- B. pendula ----- B. pendula
----- O. europaea ----- O. europaea
— LIM/O3, RH = 10% —— LIM/O3, RH = 10%
— LIM/O3, RH = 90% — LIM/O;, RH = 90%
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by particle volumes
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0 I = -_I- "-.I------;” 111: T T T T T
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Figure 2.5: Pollen fluorescence spectra of mainly Asian pollen species for an excitation wave-
length of 355 nm (Zhang et al., 2021]).
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length of 320nm (Sauliené et al., 2019).

measured fluorescence spectra at 355 nm, one of the laser wavelengths of the MARTHA
system. Mainly Asian tree species were examined and, in general, exhibited a peak in
fluorescence intensity at around 460 nm (Saito et al., 2018; Zhang et al., 2021)). For more
common European species, literature provides only measurements at slightly shifted exci-
tation wavelengths. All in all, |Pan et al.| (|201 1[); |Pan| (]2015[) (351nm) and |éauliené et al.
(2019) (320 nm excitation) confirmed that the maximum fluorescence intensity for pollen

is to be found in a wavelength range from 440 nm to 480 nm.
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Figure 2.7: Pollen fluorescence spectra of elm, cotton, corn, birch, ash, ragweed, poplar, paper
mulberry, meadow oat and red oak for excitation wavelengths of 263 and 351 nm (Pan et al.|

2011).
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2.5.2 Fluorescence spectra of smoke

For wildfire smoke, data are sparse. Reichardt et al. (2018)) measured fluorescence spectra
of BBA for an excitation wavelength of 355 nm using the Raman lidar RAMSES of the
German Meteorological Service (Deutscher Wetterdienst, DWD) in Lindenberg. They
measured the fluorescence spectrum during local Easter bonfires (dashed black line in
Fig. and compared it to an undisturbed boundary layer (solid black line in Fig. [2.8]).
The smoke of the Easter bonfires shows a local maximum in fluorescence intensity at
around 540 nm, i.e., at larger wavelengths than the pollen. In this wavelength range,
also the difference to the spectrum for an undisturbed boundary layer (black solid line)
is greatest. Fig. 2.8 also shows the fluorescence spectra for three smoke layers measured
at 3—7km height in September 2015 and September 2016. Those smoke layers exhibit
a local maximum in fluorescence intensity in the wavelength range from 480 to 540 nm.
The spectrum on 6 September 2016 (red curve) even closely resembles the spectrum of
the boundary layer during the Easter bonfires.

Veselovskii et al.| (2020) added a single fluorescence channel to a multiwavelength Raman
lidar system at Lille. Even if they did not measure spectra, they showed that the spectral
range from 440—490 nm is suitable for observing fluorescence from both pollen and wildfire
smoke (Veselovskii et al.; 2020} 2021)). Thus, the same wavelength range was used in this
Master project for the implementation of a new fluorescence channel into the MARTHA
system.

10 |

0.6

= (9 Sep 2016 (3.4 km)
| e 06 Sep 2016 (5.4 km)
04 L 07 Sep 2015 (7.4 km)

[ coneee 03 Apr 2016, (4.3, 4.7, 5.3 km)
—-—- 02 Apr 2016 (3.6, 4.6 km)

Fluorescence (normalized)

0.2
= ==+ 26 Mar 2016 (Boundary layer, Easter bonfires)
26 Mar 2016 (Boundary layer, undisturbed)
(9o J S TSN Y S T S S S AT SN S S ST S S B
440 480 520 560 600 640 680

Wavelength (nm)

Figure 2.8: Normalized fluorescence spectra of free-troposphere aerosol for measurements on
9 September 2016 (blue) and 7 September 2015 (green). Typical fluorescence spectra of the
boundary layer are shown for comparison: undisturbed (solid black curve) and with smoke of
Easter bonfires in March 2016 (dashed black curve) (Reichardt et al., 2018)).
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3 Determination of the aerosol fluorescence backscat-
ter coefficient

The approach for the determination of the fluorescence backscatter coefficient, used in
this thesis, was inspired by the method proposed by |Veselovskii et al. (2020). Starting
from the lidar equation (Eq. ), the fluorescence signal caused by aerosol fluorescence
can be described as

O(R) . [P smax AN (s) d
po = W0y [y [ B )

R2 min d d>\
X ’ (3.15)
0
with the notation 71, == T'(R, \g) for the atmospheric transmission at the laser wave-

length (on the way up to the scattering event). The fluorescence spectrum emitted by
atmospheric particles extends over a broad spectral range, as it was shown in Section [2.5|
Thus, the integral [{™**[...] dA accounts for the wavelength dependence of the fluorescence
as well as the molecular and particle extinction coefficients inside the transmission band

[Amin, Amax] Of the used interference filter in the fluorescence channel. Additionally, the
dN(s)
ds
considered, as the spectral differential fluorescence cross section d”F (A, s) depends on the

particle size distribution of particles with radius between s and s + ds has to be
size of the fluorescing particles. Cr(\) = Py 5 Anp()) is the lidar Cahbratlon constant for
the fluorescence channel. Its main Wavelength dependent quantity is the optical efficiency
ne(A), as it is influenced by the interference filter’s transmission curve. In this Master
project, an interference filter with a transmission band from 444 to 488 nm and a central
wavelength of 466 nm was used (see Section. For the filter width (Apax —Amin = 44 nm)
in the fluorescence channel, the atmospheric transmission for its signal,

Tr(A\) = exp [— /()R[amol(r, A) + Qpar (7, A)]dr], (3.16)

can be considered simplified at the central wavelength \p = 466 nm of the interference
filter: Tr(\) = Tr(Ar) =: Tr. Since the transmission of the interference filter used is rather
constant over the filter spectral bandwidth, the same can be assumed for Cr. With the
definition of the fluorescence backscatter coefficient g (Veselovskii et al., 2020),

smax AN (s Amaspamax AN/(s) d
Br = / - ds = / / UF(A,s)dsd)\, (3.17)

Smin S

Eq. (3.15) can be rewritten as

O(£)

Pe=—
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Building the ratio of the fluorescence and the nitrogen Raman signal (i.e., dividing
Eq. (3.18) by Eq. (2.11])) and rearranging for the fluorescence backscatter coefficient,
one obtains (Veselovskii et al., 2020):

Pr, Ti Cu

e = B Ty O

(3.19)
The signal ratio Prp/Pg is measured. The calculation of the ratio Tg /TF of atmospheric
transmissions at Ar, and Ap is done similar to the calculation of the transmission ra-
tio of the water-vapor and nitrogen Raman channels for water-vapor measurements as
described by Whiteman et al. (2006). At this stage of the project, the influence of the
wavelength dependence of the particle extinction coefficient is neglected, i.e., it is assumed
that apar (7, Ar) = Qpar(7, Ara). Thus, Tx /Ty is calculated from the molecular extinction
coeflicients, which are obtained from Global Data Assimilation System (GDAS) model
profiles of temperature and pressure. The consideration of the wavelength dependence of
the particle extinction coefficient for the transmission ratio calculation is ongoing work.
As the laser power, pulse length and telescope area are the same for the Raman and
fluorescence signals, the lidar calibration constant ratio Cr/CF simplifies to the ratio of
the respective optical system efficiencies ng /np. Its value depends on the measuring setup
(near-range (NR) or far-range (FR) channel) and is described further in Section [4.4.3|
The Raman backscatter coefficient of nitrogen molecules fg is defined by the molecule
number density Ny, (R) of nitrogen and the differential Raman cross section in backward

direction 22 22 (7, Ara) (Wandinger, 2005b):

a0

d.O'N2 (
d<2

BR == ]\/vN2 (R) ™, )\Ra). (320)
With the volume concentration of nitrogen in the atmosphere, Ny, (R) can be expressed
in terms of the number concentration of air molecules N

Bmol(R >\0)

4%l (1, X))

Ny, (R) = 0.78 Npoi(R) = 0.78 (3.21)

Bumot (R, Ao) is the molecular backscatter coefficient and 9%mel (7, \o) the Rayleigh backscat-

ter differential cross section. With the abbreviation forms Dr = dggQ (7, Ara) and
Dol = dZ’g’l (7, Xo), Eq. 1) can then be written in the following form:
Dr
Br = 0. 78D Bmol (R, Ao)- (3.22)
mol

Inserting Eq. (3.22)) into Eq. (3.19) leads to the final equation for the fluorescence backscat-
ter coefficient:
Dy Tom

Pr
ol mo A .
BF O 786 I(R 0) Dmol TF i3

Pr

(3.23)
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Using the calculation method according to Adam (2009), values of Dj = 2.7344 x
1073*m? st~ and Dy, = 3.10875x 1073 m? st~ ! are obtained for the nitrogen vibrational-
rotational backscatter differential cross section and the Rayleigh backscatter differential
cross section, respectively. But, depending on the width of the 387 nm filter, only a certain
fraction pgier of Df; reaches the detector in the nitrogen Raman channel (Dg = pgiger Dy )-
For the 387 nm near-range channel with a filter width of 0.6 nm, a fraction of pii,, = 0.35
was obtained. The wider interference filter in the far-range channel still sees about 95 % of
Di; (pRR, = 0.95). The ratio results in 2% = Piver Dy gy X 8.7959 X 1074, Boi(R, Ao)

Dmol Dmol
is also obtained from GDAS model profiles of temperature and pressure.
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4 Implementation of two new fluorescence channels

into MARTHA

A major part of this Master project was the design and technical implementation of
the new fluorescence channels in the MARTHA system. This chapter describes the old
MARTHA setup without fluorescence channels. Afterwards, the implementation process
is presented and some technical details are explained.

4.1 MARTHA setup before the implementation of the fluores-
cence channels

In this work, the main measurement system was the stationary lidar system MARTHA,
which is located at TROPOS in Leipzig (51.35°N, 12.43°E). MARTHA was part of
the European Aerosol Research Lidar Network (EARLINET) and was used within this
framework for long-term aerosol measurements. Besides, it is used as a laboratory for
the development and testing of new lidar techniques (e.g., Schmidt et al. (2013); |Jimenez
et al. (2020)).

A pulsed Nd:YAG laser emits a total pulse energy of 1.4J at a repetition rate of 30 Hz
and wavelengths of 1064, 532 and 355 nm. A magnification with a factor of 15 is realized
by a beam expander before the laser beam is directed to the atmosphere. The far-range
telescope, which is aligned coaxial, has a diameter of 80 cm. The near-range telescope is
20 cm in diameter (Schmidt et al., 2013).

The collected backscattered radiation is transmitted to the receiver unit, where it is
analyzed spectrally. The separation of the radiation according to wavelength is realized
by dichroic beam splitters, which reflect a part of the radiation into the various detection
channels. The setup of the MARTHA receiving unit before the implementation of the
fluorescence channels is sketched in Fig.

The return signals from elastic Rayleigh backscattering are collected in the 355, 532
and 1064 nm channels. The 387 and 607 nm channels detect radiation that is generated
by inelastic Raman scattering at nitrogen molecules. The water-vapor mixing ratio is
measured using the 407nm detection channel, and from the mixing ratio the relative
humidity is derived. The 532 nm channels (pp - parallel polarized and cp - cross polarized)
allow the derivation of a depolarization ratio. Temperature profiles can be obtained via
the pure rotational Raman channels (355.4 and 356.3nm in Fig. (Schmidt et al.|
2013).

In this Master project, a new fluorescence channel was implemented into the MARTHA
system. Due to logistical reasons, it was firstly implemented into the near-range and later
into the far-range receiver. A more detailed description of the implementation is given in
the following sections.
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Figure 4.1: Setup of the MARTHA far-range receiver before the implementation of the fluores-
cence channel.

4.2 Design of the new fluorescence channels

At the beginning of the project, a decision had to be made which measurement approach
should be used to realize lidar fluorescence measurements at TROPOS. A spectrometer
approach as used by Reichardt et al.|(2018) gives a better spectral resolution than a single
detection channel with an interference filter of certain width. The detailed spectral infor-
mation might allow a clearer distinction between fluorescing aerosol types (e.g., between
pollen and wildfire smoke). But in the end, this spectrometer approach is quite costly
and sophisticated.

Furthermore, |Veselovskii et al.|(2020) showed that, in combination with other lidar quan-
tities, an aerosol classification is very well possible even with a single-interference-filter
approach. Such a single fluorescence channel is easier to realize and delivers a stronger sig-
nal due to its comparably large filter width, which makes the signal better distinguishable
from background noise. And as this was the first try of lidar fluorescence measurements
at TROPOS, it was decided to start with a filter approach, which was inspired by the
results from Veselovskii et al.| (2020).

For the decision on the spectral range of the interference filter, typical fluorescence spec-
tra for pollen and wildfire smoke were considered. As it was shown in Section [2.5] the
maximum fluorescence intensity for pollen is found in a wavelength range from 440 nm to
480 nm and also biomass-burning aerosol exhibits a pronounced level of fluorescence in-
tensity in this spectral range, although the maximum is at somewhat larger wavelengths.
Consequently, it was decided to use a similar interference filter as Veselovskii et al.| (2020)),
which has its transmission band in this wavelength range, so that intercomparisons and
improvements to the aerosol classification schemes could be pursued in future works.
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4.3 Interference filter

The choice for the interference filter was the /66-44 OD6 ULTRA Bandpass Filter from
Alluxa. Its transmission curve is depicted in Fig.[4.2l With a central wavelength of 466 nm
and a full-width at half-maximum (FWHM) of 44 nm the interference filter’s transmission
band ranges from 444 to 488 nm, while an average transmission > 92.5% is provided in
the 446 to 486 nm wavelength range. Outside of the filter band, a suppression of an
optical depth of 6 (OD6) is provided in the wavelength ranges from 200 to 435nm and
497 to 670 nm and of OD3 from 670 to 1100 nm. However, as the fluorescence backscatter
signal is several orders of magnitude lower than the elastic returns (Veselovskii et al.
2020), a suppression higher than OD6 may be necessary for the elastic backscattering. To
achieve an additional suppression, two interference filters were used in tandem, providing
now OD12 suppression for the 355 and 532 nm laser wavelengths and OD6 suppression at
1064 nm.

4.4 Near-range channel

4.4.1 Setup

Due to delivery delays of the beam splitters for the fluorescence channel in the far-range
receiver, the fluorescence channel was initially installed in the near-range receiver as a
substitute. The new optical setup of the near-range detection unit is shown in Fig. [4.3]
To separate the UV branch (355 and 387 nm channels) from the fluorescence channel and
the ones with longer wavelengths, a longpass dichroic beam splitter from Thorlabs with a
cut-on wavelength of 425 nm was used. Its reflectance curve in Fig. [£.4] shows that more
than 97% of the incoming radiation is reflected in a wavelength range from 330 to 410 nm.
From 440 to 800 nm more than 95% are transmitted, which includes the transmission
band of the fluorescence channel’s interference filter, starting at 444 nm.

Subsequently, another beam splitter was required to reflect the spectral range of the
fluorescence channel out of the beam and transmit the higher wavelengths for the other
channels. For this purpose, a dichroic beam splitter with a cut-on wavelength of 505 nm

Alluxa 466-44 interference filter transmission
100

10
1

0.1150 350 550 750 950 1150
0.01
0.001

0.0001 m W
0.00001
0.000001 W MMI |l|||||

Wavelength in nm

Transmittance in %

Figure 4.2: Transmission curve of the Alluxa 466 nm interference filter for the new fluorescence
channel. Data were provided by Alluxa.



4 IMPLEMENTATION OF TWO NEW FLUORESCENCE CHANNELS INTO MARTHA 19

Figure 4.3: New setup of the near-range receiving unit of MARTHA.

was used. Fig. [£.5]shows > 97% reflectance from 380 to 490 nm and > 95% transmission
from 525 to 830nm. The distribution of the return signal into the remaining channels
could still be realized with the beam splitters previously used for this purpose.

After the beam splitter, directly at the entrance of the detection tube, two one-inch
interference filters are mounted, whose optical properties have already been described in
Sec. 4.3 Behind the interference filters, two identical plano-convex N-BK7 lenses with
a diameter of two inches and a focal length of 7.5 cm focus the beam onto the cathode.
To reduce aberrations, the lenses are mounted with different orientation. The first lens
is oriented with its planar side toward the incident radiation; the second one is mounted
with its convex side toward the incident light.

—% Transmission —% Reflectance
100
80
£ 60
o
— 40
20 N Lm/f/\/\/_\/_\/—.
0
200 700 1200 1700 2200

Wavelength (nm)

Figure 4.4: Reflection (red) and transmission (blue) curve of Thorlabs DMLP425L longpass
dichroic beam splitter. Raw data were provided by Thorlabs.
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Figure 4.5: Reflection (red) and transmission (blue) curve of Thorlabs DMLP505L longpass
dichroic beam splitter. Raw data were provided by Thorlabs.

4.4.2 Alignment of the near-range receiver

Before the new fluorescence channel could be used for measurements, the near-range
receiver had to be readjusted. As the exchange or implementation of new beam splitters
can change the beam path and add an additional beam shift, it had to be ensured that in all
channels the light is imaged to the center of the detector. For this purpose, an alignment
laser was coupled into the optical fiber inlet of the near-range receiver. The image of
the laser beam, produced by each detection channel, was observed on a paper template,
which had previously been placed just in front of the detector. A reticle on the template
helped to align the laser spot to the center of the detector, which was accomplished by
fine adjustments of the tilt angle of the respective beam splitters. Here, one always had to
start with the foremost beam splitter in the beam path, since its alignment also influenced
the beam path at all subsequent ones. Once all channels had been aligned correctly, the
first measurements could be started.

4.4.3 Determination of the ratio of the optical system efficiencies ng/nr of
the near-range receiver

At the beginning of a measurement on 16 June 2022, a calibration of the fluorescence
backscatter coefficient was conducted. As it was already mentioned in Sec. [3] the ra-
tio of the PMT detection efficiencies of the Raman and fluorescence channels has to be
determined in order to obtain the ratio of the optical system efficiencies ng /nr for the cal-
culation of Sg. Therefore, the detectors of the 387 nm Raman and the 466 nm fluorescence
channels were exchanged and the ratio of the mean signals measured by both detectors
was built for each channel. The calibration measurement showed that the PMT in the
fluorescence channel had a higher detection efficiency than the one in the Raman channel.
The value for the ratio of the detection efficiencies was about 0.893. The determination
of nr /nr itself is described in the following.

Besides the detection efficiency of the PMT, the optical system efficiency of a lidar’s de-
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Table 4.1: Optical efficiencies of all transmitting or reflecting elements in the 387 nm and 466 nm
NR channels.

NR channel Nitrogen Raman (387nm)  Fluorescence (466 nm)
First (common) B B
beam splitter Ry =98.9% Ty =9T%
Second (unique) B B
beam splitter T2 = 90% Ra = 99.5%
_ Ti = 92.5%

Interference filters T3 = 60% (T3 because of 2 filters)
Neutral-density filters OD=15 .

T — 10-OD Tin = 10715 = 0.0316 no neutral-density filters
Product
07 1 R, Ri T2 Tz Tap = 0.0169 Ti Ry Ta® = 0.8258
=1 j=1

tection channel includes also the optical efficiency of all elements along the light path
in the detection unit (Wandinger, 2005a). L.e., the transmittances or reflectances of all
optical elements (beam splitters, mirrors and interference filters) have to be considered,
depending on whether a certain detector is positioned in transmission or reflection direc-
tion of the respective optical component. The overall system efficiency is then the product
of these values:
N M
n= 117 IIR;newr, (4.24)
=1 j=1

with 7; the transmittance of the i-th optical component, R; the reflectance of the j-th
component, N the number of optical elements in transmission, M the number of elements
in reflection and npyr the PMT detection efficiency.
For the near-range nitrogen Raman and fluorescence channels, these values are shown in
Tab. 4.1l The two channels are separated at the first beam splitter, which reflects the
387 nm and transmits the 466 nm wavelength. As a result, the two wavelengths are now in
different branches and are reflected (466 nm) or transmitted (387 nm) to their detector by
two different beam splitters. As the fluorescence channel uses two identical interference
filters in tandem, each interference filter contributes with the same transmission 7, x 7T;.
While no neutral-density (ND) filters are used in the fluorescence channel, the neutral-
density filters in the nitrogen Raman channel, with a total optical density of 1.5, let only
pass about 3.2% of the incident radiation. Hence, the optical efficiency of the 387 nm
channel is significantly reduced to

Ri1T2Ts Tap = 0.989 x 0.9 x 0.6 x 0.0316 = 0.0169. (4.25)

In contrast, the efficiency of the fluorescence channel is substantially higher and amounts
to
Ti Ro Ta® = 0.97 x 0.995 x 0.925% = 0.8258. (4.26)
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Table 4.2: Detection efficiencies in the 466 nm NR fluorescence channel and overall system effi-
ciency ratios for both the setup before and after the implementation of the far-range fluorescence
channel.

After the implementation of the

Original setup far-range fluorescence channel

Detection efficiency — nl., = 0.893 Naer = 1.36
Overall system m_ 0.0183 m o 0.0978
efficiency ratio g ' i ’

For the detection efficiency, two cases must be distinguished. The detector originally used
in the near-range channel (PMTy, until 20 July 2022 in the near-range channel) has mean-
while been installed in the far-range channel (since 1 August 2022). Since both channels
have been used together, another detector (PMT;) has therefore been operated in the
near-range channel (since September 2022). Its detection efficiency must of course be
taken into account for the analysis of the more recent measurements. The detection effi-
ciencies and resulting overall system efficiency ratios for both cases are shown in Tab. [4.2]

As it was already stated above, the relative detection efficiency (ratio of the detection
efficiencies of the 387 nm PMT and the 466 nm PMT) was

My = PMIR _ () 893 (4.27)
TIPMT,F

for the original setup with PMT; in the near-range fluorescence channel. PMTy was much
less sensitive. Hence, the relative detection efficiency for the setup after the implementa-
tion of the far-range fluorescence channel increased to

N = MIR _ 36 (4.28)
PMT F

Now, the ratios of the overall optical system efficiencies of the whole optical path of the
channel can be calculated from these values for both cases by using Eq. (4.24)):

77R_R175757f\m 1

M _ L2 73 IND L (0,0183, 4.29

77%‘ 7-1 RQ 7;2 Ndet ( )
R

mw_RiTaTsTen 2 gorg (4.30)

U TR TS
In the data analysis, these ratios were finally used for the calculation of the fluorescence

backscatter coefficient with Eq. (3.23)). nr/nt was used for the measurements until 20
July 2022, and from 1 August 2022 on ng /0 was used.
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4.5 Far-range channel

4.5.1 Setup

After the long-awaited beam splitters had finally been delivered, the fluorescence channel
could be moved to the far-range receiver of the MARTHA system. The new optical setup
of the far-range detection unit is sketched in Fig. [4.6]

The new fluorescence channel was placed in the branch with the lower wavelengths ahead
of the 407nm channel. Therefore, the first beam splitter along the optical path had to
be replaced to ensure the transmission of the filter band of the fluorescence channel. A
customized longpass dichroic beam splitter (BS1) from Laseroptik GmbH was chosen, a
photograph of which is displayed in Fig.[£.7(a). Its transmission curve is shown in Fig. [4.8]
While wavelengths > 520 nm are mainly transmitted, more than 99% of the incoming ra-
diation is reflected at 355, 387, 407 nm and in the wavelength range from 440 to 490 nm,
which includes the transmission band of the fluorescence channel’s interference filter. In
addition, a reflectivity of less than 1.5% at 607 nm, less than 0.8% at 1064 nm and less
than 1% at 532 nm was guaranteed by the manufacturer.

Furthermore, another new beam splitter was required, which reflects the spectral range
of the fluorescence channel out of the beam and transmits the lower wavelengths for the
other UV channels. For this purpose, a short-pass beam splitter (BS2) was used, which is
shown in Fig. [4.7(b). Its transmission curve in Fig. 4.9/ shows more than 98% reflectance
(on average even more than 99.7%) from 440 to 490 nm and less than 1% reflectance at
355 nm, less than 2% at 387nm and less than 4% at 407nm. The other beam splitters
could still be used as they were before.

I ——
355 4 o (11 )|:" be polarizing beam splitter
356.3 nm (T2)| | | K :
i 532 nm (rotational
| 355 nmﬂ| —" Raman scattering)
I [ -
| 387 nml_u I L! U 532 nm |
| 407 nmLH — = m 607 nm |
- NBS2 -
N
\\ dichroic beam splitter — A ' l 1064 nm
achromate [ ]Bs1

\\ quartz plate half-wave plate
\\ mirror £ polarizing beam splitter

\ RazorEdge filter | [|_532nm (pp)
| sheet polarizer

21—

e

| 466 nmlJ

& 1Lk

1 || 532nm (cp)

Figure 4.6: New setup of the MARTHA far-range receiver after the implementation of the
fluorescence channel at 466 nm.
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Figure 4.9: Transmission curve of the second beam splitter (BS2) with HT at 355, 387, 407 nm
and HR at 440—490 nm.

The setup of the new far-range fluorescence channel itself is sketched in Fig. [£.10] Since
there was not enough space for another detection tube in a straight line behind the sec-
ond beam splitter, a dielectric mirror was used to redirect the beam towards a still empty
space in the receiving unit. As a result, the light that is reflected into the fluorescence
channel first crosses the incoming beam from the telescope, before it reaches the detection
tube. There, as the first component after the beam splitter, a lens system consisting of
two plano-convex N-BK7 lenses with a diameter of two inches serves as the objective. To
reduce aberrations, the lenses are mounted in different orientation. The first lens (L1 in
Fig. has a focal length of 1 m and is oriented with its planar side toward the incident
radiation. The second one (L2) is mounted with its convex side toward the incident light
and has a smaller focal length of 30 cm. Behind the lenses, two one-inch interference filters
are mounted, whose optical properties have already been described in Sec. [4.3]

Finally, in front of the detector, a lens system consisting of two identical one-inch lenses
(L3) serves as an ocular, which images the primary mirror of the telescope onto the pho-
tocathode of the PMT. Again, the plano-convex lenses are made of N-BK7 as a substrate
with a focal length of 12.5 cm and are mounted with different orientation.

All four lenses that are used in this setup are equipped with an anti-reflection coating for
the 400 to 1000 nm spectral range. The anti-reflection coating minimizes the amount of
light that is reflected at the various lens surfaces. Thus, multiple reflections are prevented,
and the transmission is increased, which is crucial for this application as the fluorescence
backscatter signal is very low.
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Figure 4.10: Optical setup of the new far-range fluorescence channel in MARTHA. The ray
path was calculated with ZEMAX.

4.5.2 Alignment of the far-range receiver

The far-range receiver had to be realigned after the beam splitters had been replaced
or newly installed. For this purpose, an alignment laser was placed at the entrance of
the far-range receiver in order to visualize the path of the backscattered light collected
by the telescope. To ensure that the light is imaged to the center of the detector in all
channels, a template made of graph paper was put on the entrance of each detection tube
one after the other. This principle is shown on the photograph in Fig. [4.11j(a). As it
can be seen, multiple light points were imaged onto the template by multiple reflections
from the optical components. Once the main reflection was found by gradually shading
the reflections, it had to be moved to the center of the reticle by fine adjustments of the
tilt angle of the respective beam splitters. For the new fluorescence channel, the correct
alignment was additionally checked directly in front of the detector. For this purpose, the
template was placed on the end of the detection tube instead of the detector, as shown in
Fig.|[4.11[(b). Once all channels had been aligned correctly, the new far-range fluorescence
channel was ready to measure.

4.5.3 Determination of the ratio of the optical system efficiencies ng/nr of
the far-range receiver

The ratio of the optical system efficiencies was determined in the same way as for the
near-range Raman and fluorescence channels in Sec. During one of the first mea-
surements with the new far-range fluorescence channel, its detector was swapped with the
one of the 387 nm far-range channel and the mean signal ratio measured by both detectors
was calculated for each channel.
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Figure 4.11: (a) Photograph of the alignment of the far-range receiver. A template made of
graph paper with a reticle on it is placed on the entrance of the detection tubes. (b) Photograph
of the additional alignment of the far-range fluorescence channel. Here, the template was also
placed on the end of the detection tube instead of the detector.

In this case, the PMT in the 466 nm fluorescence channel had a lower detection efficiency
than the one in the 387nm Raman channel. The value for the ratio of the detection
efficiencies was

N = SMIR 4155, (4.31)
lPMT,F

The optical efficiencies of all transmitting or reflecting elements in the nitrogen Raman
and fluorescence far-range channels were again calculated by their transmittances or re-
flectances, which are shown in Tab. The beam splitter BS1 does not have to be
considered for the calculation because both channels are located in its reflection branch.
The two channels are separated at the newly installed beam splitter BS2, which reflects
the 466 nm and transmits the 387 nm wavelength. As a result, the two wavelengths are
now in different branches and move on through different further optical components. The
387 nm radiation is first transmitted by a beam splitter selecting the water-vapor channel
at 407 nm and then reflected by another beam splitter to its detection tube. In contrast,
the wavelength range around 466 nm is only deflected by a dielectric mirror with very
high reflectivity towards the detection tube of the fluorescence channel (see Fig. .

As the fluorescence channel uses two identical interference filters in tandem, its transmit-
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Table 4.3: Transmittances or reflectances of all optical elements in the 387 nm and 466 nm FR
channels.

FR channel Nitrogen Raman (387nm)  Fluorescence (466 nm)

Common beam

splitter (BS2) T5 = 97.1% Rs = 98%

beam splitter 407 nm:

Further (unique) Te = 94.5% dielectric mirror
optical elements beam splitter 387 nm: Rs = 99.75%
Ry = 95%

B Ti = 92.5%
Interference filters Tz =70% (732 because of 2 filters)
Neutr;a:l—(_ieil Slthﬁlters T _?ODi 1_'50 0316 no neutral-density filters

= ND = = 0.

Product

ﬁl’ﬁ -ﬁl R, Ry T Ts T» Tap = 0.0193 Rs Rs T.2 = 0.8364
1= ]:

tance Ty must be squared. While no neutral-density filters are used in the fluorescence
channel, the neutral-density filters in the nitrogen Raman channel, with a total optical
density of 1.5, let only pass about 3.2% of the incident radiation. This significantly reduces
the optical efficiency of the 387 nm channel to

RaTs Ts Tz Tnp = 0.971 x 0.945 x 0.95 x 0.7 x 0.0316 = 0.0193. (4.32)

In contrast, the efficiency of the fluorescence channel is substantially higher and amounts
to

Rs Rs Ti> = 0.98 x 0.9975 x 0.925% = 0.8364. (4.33)
Now the ratio of the overall optical system efficiencies can be calculated by using Eq. (4.24)):

nR_R47?)7é7—77I\ID 3

- . = 0.0327. 4.34
77% Rg R5 7:1’2 Mdet ( )
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5 Results and discussion

In this chapter, three measurement cases are presented in order to demonstrate the per-
formance of the newly implemented fluorescence channels for the detection and typing of
atmospheric aerosol layers. In a second step, a first statistical analysis regarding the mea-
sured fluorescence quantities is presented and the results are briefly compared to previous
findings in the literature.

5.1 Measurement strategy

The atmospheric aerosol fluorescence measurements used in this thesis were carried out
from June to October 2022. As |Veselovskii et al.| (2020) showed, the fluorescence signal
is very weak, i.e., the fluorescence backscatter coefficient is several orders of magnitude
lower than corresponding elastic backscatter coefficients. Therefore, the measurements
could only be performed during night time, since the fluorescence signal is embedded in
the solar spectrum and measured with a quite broad filter width (at 466 £+ 22nm). Con-
sequently, during the day the scattered solar radiation passing the filter is higher than
the actual fluorescence signal, so that the signal in the fluorescence channel completely
consists of noise.

Furthermore, MARTHA is a manually operated lidar system, which makes regular mea-
surements challenging. Thus, after some test measurements, the focus was initially on
nights when increased concentrations of fluorescent aerosol could be expected, such as the
smoke event on 18 and 19 July 2022, when large amounts of wildfire aerosol and Saharan
dust dimmed the atmosphere over Leipzig. Later on, a series of measurements was con-
ducted on several consecutive nights between 10 and 21 October 2022 to get an idea of
the typical magnitude of the fluorescence signal during normal, unpolluted nights.

Due to continuous improvements of the fluorescence channels, the setup changed during
the measurement period (see Chapter . In the beginning of summer, only one pair of
fluorescence filters was available. This filter set was first integrated into the near-range
receiver. At the end of July, the pair of filters was implemented in the far-range receiver.
In September 2022, a second set of fluorescence filters was available, so that now both the
near-range and the far-range receiver could be equipped with fluorescence channels.

5.2 A thin smoke layer beneath cirrus — case of 16 June 2022

The first measurement example presented here is from the night of 16-17 June 2022. The
height-time distribution of the range-corrected lidar signal at 1064 nm for the measure-
ment time from 21:15—01:15 UTC is depicted in Fig. (a). It showed a quite polluted
boundary layer, where the strongest signal was found at its top at around 2 km height. In
the free troposphere, cirrus clouds were located above 6 km height with a vertical extent
up to 9km height. Below the cirrus, a thin aerosol layer ranged from 5—6 km. The height
of this layer was decreasing with time.
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Figure 5.1: Height-time distributions of the (a) range-corrected lidar signal at 1064 nm, (b)
fluorescence backscatter coefficient at 466 nm, (c) fluorescence capacity (ratio of fluorescence
backscatter coefficient to 532 nm particle backscatter coefficient) measured with MARTHA and
(d) particle depolarization ratio at 532 nm measured with PollyXT at Leipzig on 16—17 June
2022.
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Fig. |5.1{(b) shows the height-time distribution of the 466 nm fluorescence backscatter
coefficient. The boundary layer was only weakly fluorescing with a g, of around
2.6 x 1075 Mm ' sr!. Above it, the fluorescence backscatter coefficient reduced to values
of 0.8—1 x 107> Mm 'sr~!, what can be regarded as a background value because the
height range of 2—5km was quite particle-free as the low 1064 nm signal in Fig. M(a)
demonstrates. The clouds also evoked a fluorescence signal, although this did not af-
fect the whole area of the clouds, but only individual speckles. There, (g, reached
2 x 107 Mm 'sr~! in the temporal mean. However, since ice does not fluoresce, these
are probably cross-talk effects with the 355 and 532nm elastic channels. I.e., due to
an insufficient efficiency of the wavelength separation by the beam splitters used in the
near-range receiver, a considerable part of the strong elastically backscattered radiation
by the cloud reaches the fluorescence channel, so that the suppression of elastic scattering
by the interference filters is too low and some photons at 355 and 532 nm pass through
the fluorescence filters. To distinguish this type of fluorescence signal from the actual
fluorescent aerosol, the fluorescence backscatter coefficient is normalized by the 532 nm
particle backscatter coefficient:

Gp = Dio. (5.35)

par
532

This quantity is the so-called fluorescence capacity Gg. For a first visual impression,
Fig. |5.1|(c) shows the height-time distribution of the ratio of Sgy,, to the 532nm aerosol
backscatter coefficient calculated using a simplified approach, as the Raman retrieval was
only applied for the calculation of time-averaged vertical profiles of the backscatter coef-
ficients. This ratio is already similar to G, which uses the (555 calculated by the Raman
retrieval (cf. Fig.[5.2(a)). Fig.[5.1|(c) reveals the clouds by a minimum in this backscatter
ratio (blue colors), while the aerosol layer shows high values (orange to red colors). So,
G is a useful parameter to easily distinguish clouds and fluorescent aerosol layers by
visual means.

Now, the most interesting feature of this measurement shall be investigated — the aerosol
layer at 5—6 km height. To get a more accurate picture, the total measurement time was
divided into two periods of two hours each. In the first period from 21:15—23:15 UTC, the
fluorescent layer was higher (5.5km) than in the second period from 23:15—01:15 UTC
(5km). As an example, the first period is examined here in more detail.

The time-averaged vertical profiles of the 532 nm elastic and fluorescence backscatter co-
efficients together with the fluorescence capacity for the time period from 21:15—23:15
UTC are shown in Fig. [5.2(a). The mean fluorescence backscatter coefficient reached a
maximum of 8.6 1075 Mm ' st~ at 5.5 km height. With a corresponding 532 nm particle
backscatter coefficient of 0.635 Mm ™' sr~!, G amounted to 1.4 x 10~%. These backscatter
profiles in Fig. [5.2(a) also corroborate again the usefulness of the fluorescence capacity
as an analysis quantity. While Bp,, was enhanced (up to 4.2 x 107 Mm™'sr™!) in the
height range of the cloud, the higher 3532 values of more than 10 Mm ™' sr~" led to a very
low Gy of about 1—3 x 1079 in the cloud.

In a next step, the aerosol type of the fluorescing layer shall be determined. Besides the
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Figure 5.2: Vertical profiles of (a) aerosol (8543) and fluorescence backscatter coefficients (Briuo)
together with the fluorescence capacity (Gr) and (b) relative humidity (RH) averaged over the
time period from 21:15—23:15 UTC on 16 June 2022.

fluorescence capacity the particle depolarization ratio is used to characterize the aerosol.
Unfortunately, the MARTHA polarization channels were out of order during the last
months. For this reason, we used the depolarization ratio at 532 nm from Polly*T mea-
surements. The Polly*" system measured continuously at TROPOS during 2022, so that
during all MARTHA measurements, measurements of Polly*™ are also available. The par-
ticle depolarization ratio at high temporal resolution is presented in Fig. [5.1{d). While
the cirrus shows a high depolarization ratio of > 20 %, the fluorescing aerosol layer under
investigation shows a particle depolarization ratio of around 5—7 %, which is enhanced
compared to the background, but still quite low. Such moderate depolarization values are
typical for wildfire smoke particles that were rapidly lofted into a dry air mass, so that
aging and the development of a spherical core-shell structure of the particles is mostly
prevented (Engelmann et al., [2021}; Ohneiser et al., [2022)).

Another indicator of aerosol type is the lidar ratio. To determine the lidar ratio, the
vertical mean of the time-averaged extinction and backscatter coefficients was calculated
over the height range from 50 height bins (= 375m) below to 50 bins above the center
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Figure 5.3: HYSPLIT backward trajectories for the arrival heights 1, 5.5 and 6 km at Leipzig
at 20 UTC on 16 June 2022.

of the aerosol layer. From these values, the lidar ratios were calculated with Eq. ,
although there are quite large uncertainties as the layer is quite thin. For the considered
aerosol layer, the 532 nm lidar ratio (Ss32 = 61 £ 10sr) was significantly higher than the
one at 355 nm (S355 = 41 + 10sr). This unusual wavelength dependence of the lidar ratio
is an unambiguous sign of smoke, where the difference is typically > 20sr (Ohneiser et al.,
. Thus, in combination with the other properties (enhanced fluorescence capacity
and enhanced depolarization ratio), it can be concluded that the considered aerosol layer

consisted of wildfire smoke.

The observed smoke layer was very dry. The time-averaged relative humidity (RH) mea-
sured with MARTHA is displayed in Fig. [5.2(b). In the considered smoke layer the RH
was 15—45 %. This finding corroborates the hypothesis that particle aging was not final-
ized and the smoke particles were still nonspherical so that the particle depolarization
ratio was enhanced.

To identify the smoke source region, backward trajectories were computed with the HY'S-
PLIT model. Backward trajectories arriving over Leipzig on 16 June 2022, at 20 UTC,
are shown in Fig. [5.3l The model was run for arrival heights of 1, 5.5 and 6km and a
duration of 180 h. The trajectories show that the planetary boundary layer was influenced
by air masses crossing Ireland, Scotland, and the northwest of Germany. The air mass,
in which the observed smoke layer was embedded (5 to 6 km height), originated from the
most northern parts of the American continent. Around the 10 June 2022, the 5500 m
trajectory started in the southwest of Alaska, where strong wildfires were burning at that
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Figure 5.4: NASA Worldview scene Satellite Detections of Fire for Alaska on 10 June 2022.
Red dots indicate fire spots (source: https://worldview.earthdata.nasa.gov; last access on 4 July
2022).

time. A satellite image of this day from NASA WorldView in Fig. shows several large
wildfire spots in the Lake Clark National Park north of the Alaska Peninsula and a bit
further north in the Denali National Park in the Alaska Range. As the simulated back-
ward trajectory in Fig. passes over this area, it can be concluded that these Alaska
wildfires were probably the source region of the wildfire smoke observed at Leipzig on 16
June 2022. The great heights of the trajectory over the regions of the wildfires support
the hypothesis of a fast lofting of the smoke particles into the dry upper troposphere by
pyrocumulonimbus convection.

5.3 Complex dust-smoke mixture over Leipzig — case of 19 July
2022

In the middle of July 2022, a number of severe wildfires occurred in southern France and
the Iberian Peninsula, e.g., in Galicia in the northwest of Spain and the Sierra de Gata
in the west of Spain at the border to Portugal, as shown by the satellite fire detection
product in Fig. [5.5] Large amounts of biomass-burning aerosol were released into the
atmosphere and subsequently transported to Germany by favorable air flow conditions.
Since 18 July 2022, Germany was increasingly influenced by a high-pressure ridge that
was approaching from the southwest. Fig. illustrates the synoptic situation at 18
UTC on 19 July, showing the surface pressure, the geopotential height at 500 hPa and
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Figure 5.5: NASA Worldview scene Satellite Detections of Fire for the Iberian Peninsula on
15 July 2022. Red dots indicate fire spots (source: https://worldview.earthdata.nasa.gov; last
access on 28 November 2022).
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Figure 5.6: Synoptic situation over Europe on 19 July 2022 at 18 UTC: surface pressure (white
isolines), 500 hPa geopotential height (black isolines) and relative topography (colored contours).
(Source: https://wetter3.de; Last access on 28 November 2022).
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the relative topography. Leipzig, which had been on the front side of the ridge the day
before, was now below the ridge axis, causing the high-altitude winds to approach from
southerly to southwesterly directions. As a result, air masses from the Iberian Peninsula
were advected on the back side of the ridge, containing large amounts of wildfire smoke.
The high aerosol load resulted in a dimmed sky over Leipzig. We used this unique op-
portunity for intensive lidar measurements. Figs. p.7(a) and [5.7|(b) show the height-time
distributions of the range-corrected lidar signal at 1064 nm and the fluorescence backscat-
ter coefficient, respectively. The data are displayed for the whole measurement period
from 19 July 2022, 20:30 UTC, to 20 July 2022, 02:15 UTC. They reveal a very pol-
luted troposphere, which contained several aerosol layers reaching up to 6.5km height.
The boundary layer extended up to 2km altitude, showing a strong 1064 nm signal and
a moderate fluorescence backscatter coefficient (fpe ~ 4 x 107> Mm ™ 'sr~!). Trajecto-
ries suggest that this air mass started from the Iberian Peninsula around a week before.
Thus, in addition to traffic exhaust and urban air pollution, it probably also contained
aged smoke particles from western Spain and Portugal, which caused the observed mod-
erate fluorescence in this layer. Above the boundary layer, several aerosol layers can be
seen up to 6.5 km altitude. The optically thickest layers (causing the strongest signals at
1064 nm) are found between 4.5 and 5km at the beginning of the measurement (further
referred to as layer 1) and around 2.5—3.5km at the end of the measurement (layer 2).
These two layers are analyzed in Sec. Another strongly fluorescent layer (layer
3) formed at 5.5km altitude, as discussed in Sec. m Finally, Sec. examines a
fluorescent layer occurring in the boundary layer at around 1.25km height at the end of
the measurement.

5.3.1 Dust-smoke mixtures (layers 1 and 2)

Layer 1 showed the strongest fluorescence backscatter coefficient of 1.45 x 10~ Mm ' sr~!

at 4.6 km height. Layer 2 was only moderately fluorescent (Bpie ~ 6.7 x 107> Mm ™' sr~1).
The particle depolarization ratio, which is shown in Fig. |5.7|(c), reveals a possible reason
for that. In layer 2 at 2.5—3.5 km height, the particle depolarization ratio at 532 nm was
enhanced with values of up to 7.5 % at the layer top, while it was much lower (dpar = 3 %)
in the higher layer 1. This finding indicates the presence of dust particles in the lower
layer 2, which explains the lower [gy,, despite the high [g64. L.e., layer 2 seems to be a
dust-smoke mixture, while layer 1 appears to be more dominated by pure smoke.

This assumption is supported by simulations of the air-mass-source tool of Radenz et al.
(2021)). This tool combines particle positions from a dispersion model with land cover
information by summing up all time periods during which the corresponding air mass
was below a so-called reception height above a certain terrain. The sum represents the
so-called residence time over the relevant terrain. Fig. shows the vertical profiles of the
normalized residence time of the air mass that was over Leipzig during the considered lidar
observation, considering a reception height of 5km. According to the model calculations,
the air mass at 3.5—4 km height spent about 15 % of its time below 5km over the Sahara
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Figure 5.7: Height-time distributions of the (a) range-corrected lidar signal at 1064 nm, (b)
fluorescence backscatter coefficient at 466 nm measured with MARTHA and (c) particle depo-
larization ratio at 532 nm measured with Polly*T at Leipzig on 19—20 July 2022.
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Figure 5.8: Air-mass-source estimate from 18 UTC on 19 July 2022 to 3 UTC on 20 July 2022
for the named geographical areas. The colored bars indicate the normalized residence time over
a certain region of an air mass at a certain arrival height.

and approximately the same time over continental FEurope. With these details, the path
of this layer’s air mass could be reconstructed. The Saharan air mass crossed the Iberian
Peninsula and became mixed with smoke particles from the wildfires in Portugal and
Spain. On its further way over the Atlantic Ocean, some aging could take place until it
arrived at Leipzig. All in all, it leads to the conclusion that the observed aerosol layer 2
was a mixture of aged wildfire smoke particles from the Iberian Peninsula and Saharan
dust particles.

In the altitude range of layer 1, the air-mass-source tool calculated only smaller residence
times below 5km. At 4.5 km altitude, the normalized residence time over the Sahara was
below 7%. At a height of 5 km, the residence time below the reception height was already
negligible. Hence, there may still have been some dust particles in layer 1, but all in all,
this layer was more dominated by pure wildfire smoke.

To obtain a detailed quantitative view on the observed aerosol layers, 2-hour-mean height
profiles of the backscatter coefficients and the fluorescence capacity from 20:50 to 22:50
UTC on 19 July 2022 and 1-hour-mean height profiles of the same quantities from 01:15
to 02:15 UTC on 20 July 2022 are displayed in Fig.[5.9 The dust-smoke mixture in layer 2
showed a fluorescence capacity of around 4.7 x 107° at 3km height (cf. Fig. [5.9(b)). In
layer 1, the 532nm particle backscatter coefficient (33a ~ 1.45 Mm ™' sr!) was exactly
four orders of magnitude larger than (gy,,. This resulted in a corresponding fluorescence

capacity of about 1 x 10~* (cf. Fig. [5.9(a)).
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Figure 5.9: Vertical profiles of aerosol (855) and fluorescence backscatter coefficients (Briyo)
together with the fluorescence capacity (Gg): (a) for the period from 20:50—22:50 UTC on 19
July 2022 and (b) for the period from 01:15—02:15 UTC on 20 July 2022.

5.3.2 Pure smoke (layer 3)

Another aerosol layer at 5.5 km height (layer 3) reached an even higher fluorescence ca-
pacity (Gr = 1.2 x 107*) than layer 1, although its fluorescence backscatter coefficient
(Briwe = 1.22 x 107" Mm ™" sr™!) was slightly lower. ILe., the elastic particle backscatter
coefficient of layer 3 was lower (8% ~ 1 Mm ™' sr™!), indicating a lower aerosol load than
in layer 1. Also, the depolarization ratio was very low (cf. Fig.[5.7(c)), and the air-mass-
source tool calculated no dust fraction anymore in this layer (cf. Fig. . Thus, this layer
seems to have consisted of pure wildfire smoke. In general, at 5.5 km altitude, no residence
time below the reception height was calculated. I.e., this air mass was influenced by long-
range transport at altitudes above 5km. As a result, the contained wildfire smoke had to
be entrained at higher altitudes as well. When large wildfires generate strong updrafts,
smoke injection heights of up to 5.9km are possible (Amiridis et al., 2010). Therefore,
it can be concluded that layer 3 consisted of pure wildfire smoke that was entrained at
altitudes above 5 km.
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5.3.3 Smoke from Saxonian wildfires (layer 4)

At the end of this measurement (0:15 to 2:15 UTC), another interesting feature oc-
curred inside the boundary layer. A layer at 1.25km height appeared with a high
signal at 1064nm and a strong fluorescence backscatter coefficient of about fp, =
1.15 x 107*Mm 'sr~! in the temporal mean and up to 4 x 107* Mm ' sr~! in the max-
imum (cf. Figs. 5.7(a), p.9(b) and 5.7(b)). The low altitude of this strongly fluorescing
layer points to a local source. Indeed, there were several smaller wildfires active in the
forests of Saxony during these days. Fig.[5.10| shows the backward trajectories for several
ensemble runs of the HYSPLIT model at 2 UTC on 20 July 2022, for an arrival height of
1.25km. The locations of three relevant wildfires are marked with colored stars. On 19
July 2022, local fire brigades reported wildfires in the Konigsbrucker Heide (yellow star
in Fig. [5.10), near Coswig (blue star), and at the Bastei bridge (red star) in the Saxon
Switzerland. About half of the calculated trajectories pass over the region around the
reported wildfires. Thus, it can be concluded that the strongly fluorescing aerosol layer
at the end of the measurement probably contained BBA from one of these wildfires.
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Figure 5.10: HYSPLIT ensemble backward trajectories for an arrival height of 1.25 km at Leipzig
at 2 UTC on 20 July 2022. The colored stars indicate the locations of reported local wildfires:
Wiirschnitz (yellow star), Coswig (blue star) and the Bastei bridge (red star).
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5.4 Hidden aerosol layers — case of 21 September 2022

As a last example, the first measurement with both the near-range and the far-range
fluorescence channels on 21 September 2022 shall be analyzed. The measurement lasted
from 19:04 to 23:04 UTC and thus provided 4 hours of measurement. The height-time dis-
tribution of the range-corrected signal at 1064 nm measured with the far-range receiver
is displayed in Fig. |5.11(a). Based on this, the atmosphere seemed to be quite clean.
Enhanced signals were only shown by the boundary layer and a vertically thin cloud at
around 4 km height, which was present for less than one hour between 21 and 22 UTC.
Also, except for the cloud, the depolarization ratio (not shown) was very low for the whole
measurement period.
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Figure 5.11: Height-time distributions of the (a) range-corrected lidar signal at 1064 nm and
(b) fluorescence backscatter coefficient at 466 nm measured with MARTHA at Leipzig on 21
September 2022.
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However, a look at the fluorescence backscatter coefficient measured with the far-range
receiver in Fig. [5.11|(b) draws a completely different picture. Several layers with an en-
hanced S (at 3—4, 5, 6.5, 8.5 and 9.5 km) indicate the presence of fluorescing aerosol.
This measurement demonstrates quite impressively that we are now able to detect aerosol
layers with the new fluorescence channels that we would have missed before with the
usual setup only. This fact is also illustrated by the time-averaged vertical profiles of the
fluorescence and 532 nm elastic backscatter coefficients and the fluorescence capacity in
Fig.|5.12[(a). Only the quantities measured with the far-range receiver are shown because
the near-range channel probably still had some technical and cross-talk issues. To exclude
the cloud, the profiles were only averaged over the time period from 19:04 to 21:04 UTC,
before the cloud was present. While the lowest (at 3.3 km altitude) and most fluorescent
(Brio = 4 x 107°Mm™'sr~') layer above the boundary layer still showed (albeit only
slightly) enhanced elastic backscattering coefficients, the two highest layers (around 8.5
and 9.5 km) had only a weak maximum in [3532. In the height range of the mid-level layers
(around 5 and 6.5km altitude), the elastic backscatter coefficients even appeared com-
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Figure 5.12: Vertical profiles of (a) fluorescence (o) and elastic backscatter coefficients (5532)
together with the fluorescence capacity (Gr) and (b) relative humidity averaged over the time
period from 19:04—21:04 UTC on 21 September 2022.
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pletely unimpressed for this averaging period. Only when looking at them for a shorter
averaging period of one hour, keeping the two layers approximately constant in altitude,
Bros4 and P3s5 showed weak maxima, but with a rather low signal-to-noise ratio.

Again, most of the observed fluorescing aerosol layers were very dry. The vertical profile
of the time-averaged relative humidity is shown in Fig. [5.12(b). In the height range of the
lowest layer below 4km the RH was below 10 %, the layer around 6.5 km height showed
about 10 % RH. Also in the two higher layers it was < 20 %. Even the most humid layer
(in the height range of the cloud) did not exceed 70 % RH.

In summary, aerosol layers that previously could only be detected by smart time averaging
of the vertical profiles of the elastic backscatter coefficients are now already visible in the
signal plots of the new far-range fluorescence channel. This is an important step forward
towards the overall goal of being able to detect also uncommon aerosol layers of biological
origin.

5.5 Statistics

Finally, a more general view on the first measurements with the new far-range fluorescence
channel of MARTHA shall be provided. Although until now only a few measurements
have been conducted, Figs. and present statistics of the fluorescence backscatter
coefficient, fluorescence capacity and particle depolarization ratio for the aerosol layers
observed during 12 measurements with the far-range fluorescence channel since 1 August
2022. For each measurement case, the aerosol layers of interest were selected manually.
For one data point, the temporal mean of the respective quantity over a time period of 30
minutes was calculated at the center of the layer. A total of 41 time frames from various
fluorescent aerosol layers were selected and analyzed.

For an overview of the orders of magnitude in which they range, the fluorescence backscat-
ter coefficient is plotted versus the fluorescence capacity in Fig. [5.13 In general, Sy,
ranges between 1 x 107" Mm 'sr~! and 3.5 x 10~*Mm 'sr~!, i.e., it is about four orders
of magnitude smaller than the elastic backscatter coefficients, in agreement with the find-
ings by Veselovskii et al.| (2020)). Thereby, most (59 %) of the measurement points are in
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Figure 5.13: Fluorescence backscatter coefficient versus the fluorescence capacity for the mea-
surements with the far-range fluorescence channel.
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the range of 2—6 x 107> Mm ™' sr~!. Almost one third (32%) of the selected layers had
a fluorescence backscatter coefficient of > 10~*Mm ' sr—!, whereas only two data points
also exceeded a threshold of 2x10~* Mm ™' sr~'. The fluorescence capacity varies between
2x107° and 8 x 10~%. However, more than two thirds (68 %) of the data points are below
Gr = 2.5 x 107, Eight out of the 41 measurement points (~ 19.5 %) show a significantly
higher fluorescence capacity of > 5.5 x 10~% compared to the rest. These values are higher
than the maximum values of Gy = 1—5 x 10™* found by [Veselovskii et al. (2021}, 2022a))
and Hu et al.| (2022) for wildfire smoke layers.

To use the new fluorescence quantities for an improvement of the aerosol classification,
one has to combine their information with other lidar-relevant quantities. Therefore, the
532nm particle depolarization ratio measured by Polly*T is plotted against the fluores-
cence capacity determined with MARTHA in Fig. [5.14] Even with this small number of
data points, single clusters already form. First, there is the cluster of weakly fluorescing
aerosol layers with enhanced depolarization ratios (orange ellipse in Fig. . Four data
points exhibit 532 nm particle depolarization ratios of 6.5 % to 8.5 % and another one even
reaches nearly 13 %, while the rest shows values below 4 %. Weak fluorescence combined
with enhanced depolarization indicates desert dust (cf. Tab. . As pure dust typically
shows even higher depolarization ratios of dpay > 20 % (Freudenthaler et al., [2009; |Grof3
et al., |2011; Haarig et al., |2017; [Floutsi et al., 2022), these layers were probably dust-
dominated mixtures. A second cluster is formed by layers with strong fluorescence and
rather low depolarization ratios (black ellipse in Fig. |5.14]). High fluorescence capacities
of > 5.5 x 107" combined with low depolarization ratios (mainly below 2 %) indicate
long-range-transported and aged wildfire smoke. As a third cluster, the data points with
rather low depolarization (4., < 4 %) and fluorescence capacity (Gr < 2.5 x 107%) can
be grouped. Looking at the measurement height, it can be seen that most of these
aerosol layers were located below 2km altitude, up to where the atmospheric boundary
layer typically reached. Thus, it can be concluded that this cluster is representative for
boundary-layer aerosol. This analysis demonstrates impressively that the combination of
fluorescence and depolarization has a great potential to improve the aerosol classification
by lidar measurements.
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Figure 5.14: 532 nm particle depolarization ratio versus the fluorescence capacity for the mea-
surements with the far-range fluorescence channel.
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6 Conclusion and outlook

In this Master project, the MARTHA lidar system at TROPOS was upgraded by imple-
menting a new fluorescence channel into both the near-range and far-range receivers. Two
identical interference filters in tandem, centered at 466 nm and with a width of 44 nm,
select a part of the fluorescence spectrum of fluorescing atmospheric particles and at the
same time strongly suppress the elastic backscattering at the three laser wavelengths. A
calculation approach for the fluorescence backscatter coefficient, inspired by Veselovskii
et al| (2020), was developed and further improved. As this approach uses a calibrated
ratio of the fluorescence channel’s signal and the nitrogen Raman signal, no reference
height is needed to determine (py,,. Three measurement cases from summer and early
autumn 2022 demonstrated the benefits of the new fluorescence information.

Already the measurements with the near-range channel, which was installed first due
to delivery delays, showed that with this filter approach it is possible to detect the flu-
orescence of aerosol layers in the lower and middle troposphere. The analysis confirmed
the size range of fgy,, as four orders of magnitude lower than the elastic backscatter coef-
ficients, as stated by [Veselovskii et al.|(2020). Especially the data of a major smoke event
in the middle of July 2022 were very enlightening. S varied from 0.26x 10~* Mm ' sr—?
for boundary-layer aerosol up to 1.45 x 10~*Mm 'sr~! for a strong smoke layer. The
fluorescence capacity proved to be a useful tool to separate clouds (Gg < 5 x 107%) from
fluorescent aerosol. Moreover, when comparing two layers in combination with the asso-
ciated elastic backscatter coefficients, Gy is a first indication of the fraction of fluorescent
particles in the respective aerosol layer.

The far-range fluorescence channel was even capable of detecting thin smoke layers (51964 <
0.05 Mm™* st™!) in the upper troposphere and lower stratosphere up to 14km height.
Here, Brio ranged between 1 x 107" Mm 'sr~! and 3.5 x 10~* Mm ' sr—!, with the low
values belonging to dust (mixtures) and the higher values to smoke layers of wildfires.
Particularly outstanding is that some of these fluorescent layers were not detectable in
the range-corrected signals of the elastic channels. This important finding is a step for-
ward towards the goal of detecting traces of biological particles in the atmosphere.

A first statistical evaluation of the measurements with the far-range fluorescence channel
indicated a fluorescence backscatter coefficient in the range of 2—6 x 107> Mm ™' sr~ for
most aerosol layers. The fluorescence capacity varied between 2 x 107° and 8 x 1074, and
the smoke layers were characterized by significantly higher values than the rest. In con-
trast, the dust mixtures showed rather low values of Gr. This characteristic emphasizes
the fluorescence capacity’s potential for aerosol classification, particularly when combined
with depolarization.
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As the water-vapor channel was kept in the new MARTHA setup, the relative-humidity
information could be used to show that most of the observed fluorescing aerosol layers
were very dry. This anti-correlation of fluorescence and water vapor is an interesting issue
to investigate and should therefore be considered further in future research.

Another challenge for the future is the design of a second fluorescence channel in the
spectral range > 500 nm, which can detect the part of the spectrum where the fluores-
cence of wildfire smoke reaches its maximum. Such a setup would allow a direct distinction
of pollen and smoke by building the ratio of both fluorescence channels. Moreover, the
use of a spectrometer for continuous spectral information is a promising option for fur-
ther development of fluorescence techniques in MARTHA. There is also the potential to
implement a fluorescence channel into a portable lidar system, allowing us to ship it to
places where large amounts of fluorescing aerosols are present and can be explored by
fluorescence lidar.



A SOLUTION OF THE LIDAR EQUATION 47

A Solution of the lidar equation

This section is based on the description of the Raman and Klett retrieval methods, recently
summarized by Jiménez| (2021). Considering the molecular and particulate components
of extinction and backscatter coefficient (Egs. (2.5) and (2.8)), Eq. (2.9) can be written

in the form

¢ O(R)
P(RA) = Py An—

R
[Brnot (R, A) 4 Bpar (R, A)] exp [—2/0 [Qmol (7, A) + Qpar (7, A)]dr] .
(A.1)
The molecular extinction and backscatter coefficient can be combined to the molecular
lidar ratio (Collis and Russell, |[1976):
Qmol 8
Stol = = —K, A2
1 ﬁmol 3 ( )

with the King’s factor K describing the air molecules’ anisotropy. Still, apar (7, A), Bpar(7, A)
and O(R) remain as unknowns in the lidar equation. Depending on the lidar type and
measuring time, the Raman and/or the Klett method can be used to solve it. Both
retrievals are described in the next subsections.

A.1 Raman method

Egs. (2.10) and (2.11]) for the nitrogen Raman signal were already introduced in Sec. .
An expression for the Raman backscatter coefficient of nitrogen molecules was given in

Eq. (3.22)). As Dg and Dy, are constant, the expression

Dy
Dmol

C; =078 PO%AT] (A.3)
defines a new constant. Then, Eq. (2.10) can be rewritten as the range-corrected and
overlap-corrected signal Pro(R, Ara):

R2

PRc(R, )\Ra) = P(R, /\Ra)@ = C;RaBmOI(Ra )\0) exXp l— /OR[Oé(T’7 )\0) + Oé(’f’, /\Ra)]dr] .
(A.4)

After some transformation steps, Ansmann et al.| (1990) found a solution for the particle
extinction coefficient:

ilmw—%no R, M) — amol (R, ARa
apn(R ) = 2 ety ~ ot J0) = (s ) (A5)

1+ (AAlfa)a
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& is the Angstrom exponent, which describes the spectral dependency of the aerosol
properties and is defined by [Angstrom| (1964):

apar(Ra /\Ra) < /\O )é
= . A6
apar(R7 >\0) /\Ra ( )

In a next step, Eq. (A.1)) is divided by Eq. (A.4):

P(R7 )‘0> _ C)\o 5par(Ra )\0) + Bmol(Ra )\0)
P<R7 )\Ra) C;\Ra 6mol(R7 )\0)

. (A7)
X exp [_/0 [amol(ra )\0) - amol(ra /\Ra) + apar(ry /\0) - O‘par(ra )\Ra)]dr )

with the lidar constant C, = FPyG An. It is necessary to choose a reference height Ry (usu-
ally somewhere in the upper troposphere), where the particle influence can be neglected
(Bpar(Ro, Ao) + Bmoi(Ros o) = Bmoi(Ro, Ao)). The profiles of the molecular extinction
and backscatter coefficients can be derived from atmospheric temperature and pressure
profiles. Then, the particle backscatter coefficient can be calculated with the following
equation (Ansmann et al., 1992)):

P(Ro, Aga) P(R, \o) Nx, (R)

P(Ro, %) P(R, M) N, (Ro)

y exp {— f}% [tpar (T, ARa) + Qmor (T, ARa)]d'r]
exp [— flffo [Apar(Ty Ao) + Qo (T, AO)]dr}

6par<R7 )\0) = [ﬁpar(R& )\0> + Bmol(R(b /\0>]
(A.8)

- 5m01<R7 )‘0)

With Egs. (A.5) and (A.8) the extinction and backscatter coefficients can be derived
independently and accurately. The overlap function has to be known for the calculation
of apar(R, Ao).

A.2 Klett method

The Raman method represents a robust solution to retrieve both extinction and backscat-
ter coefficients independently. Unfortunately, during daytime the sky background is too
large, so that the Raman channels are considerably noisy. In this case, the Klett solution
is applied to the elastic lidar signals only.

In the elastic lidar equation (Eq. (A.1])), the lidar constant and the particle extinction
and backscatter coefficients remain unknown. As only an elastic signal is available, addi-
tional information is needed. Therefore, the lidar ratio Spar(Ao), which relates the aerosol
extinction and backscatter coefficient (cf. Eq. ), is assumed as vertically constant.
With this assumption, [Klett| (1981) derived a solution for only one type of scatterer, while
Fernald (1984) generalized it for an atmosphere consisting of molecules and particles. The
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particle backscatter coefficient is then calculated as

o U(R07 R) N
Pl ) = ) 28w 0h0) A matl B, Ao), (A.9)
with
U(Ro, R) = P(R, Ao) R? exp | —2[Spar(Mo) — Sunol /R " B, Ao)dr] (A.10)
and

_ P(Ry, o) R3
V(RO) B Bpar(Rm )\0) + ﬂmol(Rm )\0) . (All)

Again, the reference height Ry is chosen in a way that the particle backscatter coefficient

in this height can be assumed as zero. [0 (R, \g) can be derived from atmospheric tem-
perature and pressure profiles. In addition, a proper value for S, (Ag) must be assumed.
In summary, the Klett retrieval impresses on the one hand with a high spatial and tem-
poral resolution and can also be applied during daytime. On the other hand, a vertically
constant lidar ratio has to be assumed, resulting in the problem that the lidar ratio is not
an independent variable for the aerosol typing (see Sec. anymore. Systematic errors
are made, and the solution is stable only for backward integrals (Jiménez, 2021).

B Additional tools and auxiliary data

B.1 ZEMAX

For the geometrical design of the new fluorescence channels, an existing optical model of
the MARTHA system was supplemented using the ZEMAX program. ZEMAX supports
the design of an optical system by modeling and analysis tools. It allows us to simulate
and optimize the performance of an optical system by offering multiple ray-tracing options
(ZEMAXI 2005).

First, the optical components needed for the fluorescence channels were inserted into the
program and given the appropriate optical properties. This was done by combining sev-
eral surfaces with certain radius of curvature, thickness and glass type. If necessary, a
coating could be added to a surface additionally. Then, the distances between the optical
elements were adjusted in order to produce a sharp image on the detector at the end of
the channel. The result is shown in the optical setup of the new far-range fluorescence

channel in Fig. |4.10]
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B.2 HYSPLIT

The HYbrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) of the
National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory
(ARL) can be used for simple applications like the computation of air-parcel trajecto-
ries, but it can also perform more complex simulations of aerosol transport, dispersion,
chemical transformation and deposition (Stein et al., 2015). HYSPLIT combines the La-
grangian and the Eulerian approach. For advection and diffusion calculations, a moving
Lagrangian framework of reference is used, following the transport path of the considered
air parcels from their initial location. The air concentration of a pollutant is computed
on a fixed three-dimensional (3D) grid (Stein et al., 2015). Initially, a single pollutant
particle is considered as the source. To account for its dispersion by the complex wind
field, the initial particle is divided into multiple particles, which spread from the source
region in different wind directions (Draxler] 1992).

In this Master thesis, HYSPLIT was used for the most common calculation of back-
trajectories in order to attribute a source region to an observed aerosol event. The trajec-
tory of an air parcel is computed from its advection by the wind field. If the calculated
path exits the top of the model, the trajectory is terminated. In contrast, the trajectory
is continued when it reaches the ground (Draxler and Hess, [1998]).

B.3 Polly*?

In addition to MARTHA, a continuously and autonomously measuring lidar, Polly*T, was
used for comparison and additional information. It is located at the same measuring site as
the MARTHA system, making it well suited for comparison and synergy effects. Polly*T
has been used in worldwide field campaigns on land sites as well as aboard the research
vessels Polarstern, Meteor and Sonne (Engelmann et al., [2016). The Polly*" systems,
developed and built at TROPOS, allow the observation of backscatter coefficients at three
wavelengths (355, 532 and 1064 nm), extinction coefficients and depolarization ratios at
two wavelengths (355 and 532nm) and water vapor in the far range (30cm telescope
diameter). In addition, two backscatter and extinction coefficients (355 and 532nm)
are determined in the near range (5cm telescope). The near-range receiver enables one
to reach lower measurement heights in the planetary boundary layer, down to 120m
above the lidar (Engelmann et al. 2016). In this thesis, Polly*T measurements of the
depolarization ratio are used.

B.4 MODIS Fire and Thermal Anomalies product

When it was suspected that a detected layer originated from wildfires, the M ODerate
Resolution Imaging Spectroradiometer (MODIS) Fire and Thermal Anomalies product
was used for orientation. MODIS is a cross-track scanning radiometer that is mounted
aboard the Terra and Aqua satellites. It has the aim of continuously collecting global
radiation data. The Terra and Aqua MODIS sensors provide a view of the entire earth’s
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surface every 1 to 2 days (Xiong and Barnes, 20006).

The 36 spectral bands (20 in the solar and 16 in the thermal wavelength range) allow
observations at wavelengths from 0.41 to 14.5 pm and different spatial resolutions of 250 m
(bands 1—2), 500 m (bands 3—7) and 1km (bands 8—36) (Xiong and Barnes| 2006). The
MODIS Fire and Thermal Anomalies product is based on an enhanced fire detection
algorithm using the brightness temperatures from the 4 and 11 pm channels of MODIS.
Besides the absolute fire detection via a threshold in brightness temperature for strong
fires, weaker ones can be detected relative to the brightness temperature of surrounding
non-fire background pixels (Giglio et al., 2003]).
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