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coefficient-estimates-of-e-g-tdarsystemsA unique data set derived from remote sensing, airborne, and ground-based in
situ_measurements is presented. The study highlights the complexity of comparing multiple aerosol optical parameters

examined with different approaches considering different states of humidification and atmospheric aerosol concentrations.

Mie-theory-based modeled aerosol optical properties are compared with respective results of airborne and ground-based in-

situ measurements and remote sensing (lidar, photometer) performed at the rural central European observatory at Melpitz

Germany. Calculated extinction-to-backscatter ratios (lidar ratios) were in the range of previously reported values. However,

the lidar ratio is not only a function of the prevailing aerosol type but also of the relative humidity. The particle lidar ratio

(LR) dependence on relative humidity was guantified and followed the trend found in previous studies. We present a fit
function for the lidar wavelengths of 355, 532, and 1064 nm with an underlying equation of f r(RH, y(1)) = fir(RH=0, 4)x(1-
RH)"™, with the derived estimates of y(355 nm) = 0.29 (+0.01), y(532 nm) = 0.48 (+0.01), and y(1064 nm) = 0.31 (+0.01)

for the central European aerosol. This parameterization might be used in the data analysis of elastic-backscatter lidar

observations or lidar-ratio-based aerosol typing efforts. Our study shows that the used aerosol model was able to reproduce

the in-situ measurements of the aerosol particle light extinction coefficients (measured at dry conditions) within 13%.

Although the model reproduced the in situ measured aerosol particle light absorption coefficients within a reasonable range
we identified a number of sources for significant uncertainties in the simulations, such as the unknown aerosol mixing state,
brown carbon (organic material) fraction, and the wavelength-dependent refractive index. The modeled ambient-state
aerosol particle light extinction and backscatter coefficients were found to be smaller than the measured ones. However,

depending on the prevailing aerosol conditions, an overlap of the uncertainty ranges of both approaches was achieved.
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1 Introduction

Aerosol particles inte

can sensitively influence the
atmesphere-Earth’s radiation budget by scattering and absorption- of solar radiation. The aerosol impact is described by

means_of the wavelength-dependent aerosol particle light—scattering coefficient (osca(r)) and particle absorption
coefficientscoefficient (oans())) are-measures-of these-interactions-andas well as the sum of both-is-deseribed-by-the-aerosel,

denoted as particle—tght extinction coefficient (cex())). Fhe—effect-of-acrosolparticles—on-theradiative-budget-of-the

iative forcing-and-is-estim . W2

Bireet-inln-situ aerosol measurements with unmanned aerial vehicles (UAV; Altstétter et al., 2018), helicopter-
borne payloads, e.g., with the Airborne Cloud and Turbulence Observations System (ACTOS; e.g., Siebert et al., 2006,
Ditas et al., 2012, Wehner et al., 2015; Dsing et al., 2018), tethered-balloon payloads (e.g., Ferrero et al., 2019, Brunamonti
etal., 2020), and zeppelins (e.g., Rosati et al., 2016a) are important experimental approaches to provide insights-en-therole
of-thevertically resolved insight into the relationship between aerosol in-atmesphericproeesses-microphysical properties,
chemical composition, optical properties, and related radiative effects. Remote sensing techniques such as light detection

and ranging (lidar) prefileallow profiling of aerosol optical properties with high vertical and temporal resolution in a

complementary way (Weitkamp, 2005). All these different experimental approaches are needed to improve our knowledge
about the role of aerosols in the atmesphere-concerning-climate system and, at the aeresel-particle-optical-properties-via

reasuring-thesame time, to reduce the uncertainties in the applied aerosol observations. Direct in-situ aerosol measurements

are helpful to validate remote sensing techniques and vice versa. Lidar-based aerosol particle light backscatter coefficient

(obsc(2)) profiles have been compared with balloon-borne in-situ measurements (Brunamonti et al., 2020) and Mie-modeling

results (Ferrero et al., 2019). However, the airborne in-situ aerosol measurements provide the vertically resolved aerosol
information (Rosati et al., 2016a, Dusing et al., 2018, Tian et al., 2020backseattering-(Weitkamp—2005)—tidarand-in-sitd
measurements-when-), usually for dried conditions. Lidar, on the other hand, monitors the aerosol under ambient conditions.

Therefore, the effect of the RH must be considered when comparing in-situ measurements and modeling approaches with

remote-sensing retrievals. Lidar systems have been previously utilized to investigate hygroscopic processes (e.g., Zhao et

al., 2017; Navas-Guzman et al., 2019; Dawson et al., 2020). Modeling aerosol optical properties can also account for the

ambient state of the aerosol by simulating the hygroscopic growth of the aerosol particles utilizing, e.qg., the semi-empirical
parameterization of Petters and Kreidenweis (2007). Also, they can be used to-constrain-climate-medels,-are-useful-toolsto
help-to-decreasefor the validation of lidar-based retrievals of, e.qg., the absorption.

However, modeling, remote sensing, and in situ measurements are subject to individual uncertainties ef-the

radiative-foreing-estimatesthat must be considered to compare these approaches. Raman-lidar systems, for instance, such as

the PollyXT lidar, (Engelmann et al., 2016), can measure the aerosol particle light extinction and backscattering coefficients

at several wavelengths A—Hewever- throughout the entire troposphere, but only during the-daytime-the-estimates-of-aerosel
particle-ightnighttime hours. The standard backscatter lidar technique is applied to derive aerosol backscatter and extinction

estimates for the unknown extinction-to-backscatter ratio-ane-, also lidar ratio (including its wavelength dependence, LR(}))

can introduce large uncertainties in the obtained spectral particle backscatter and extinction profiles. Note that LR()) is;e-g-

related-to a function of the wavelength of incoming light, the shape of the aerosol particles, the aerosol particle number size
distribution (PNSD}), and aerosol chemical composition. LR(A) estimates during daytime have been derived via a
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combination of direct lidar opsc(A) and columnar sun-photometer measurements (Guerrero-Rascado et al., 2011} A sun-

photometer derivesmeasures the columnar integral of gex(}), the aerosol optical depth (AOD). An effective columnar LR(%)

with aan assumed, best matching LR(2). When the Klett-Fernald method (Klett, 1982, Fernald et al., 1972) is used to derive

oexi() and ansc(2) with lidar, the LR(A) is kept height-constant, and this assumption introduces significant uncertainties;e-g-

because these-columnarER(x)-do-notrepresenttayers-of differentthe lidar ratio varies with height, i.e., with changing aerosol

types-within-the-atmospherelayering and ean-deviate-from-in-situ-observationsaerosol type conditions (Guerrero-Rascado et
al., 2011).

other-hand-examines-the-aereselunderambientconditions—Previous studies have shewnfocused on the dependence of gex())
on ambient RH (Skupin et al., 2013-and; Zieger et al., 2013)-and-cusc(h)-(Haarig-et-al—2017)-on-ambient-RH:). Navas-
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Guzman et faal. (2019) utilized these effects to investigate the aerosol hygroscopicity with lidar. LR(2) is based on the RH- [Formatiert: Absatz-Standardschriftart

dependent obsc(4) and gex(/}), and calculations by Sugimoto et al. (2015) indicated that LR(A), is RH-dependent as well. . [Formatierh Schriftart: Nicht Kursiv

Ackermann (1998) provided a numerical study based on pre-defined aerosol types with distinct size-distribution shapes to \‘ 9 { Formatiert: Schriftart: Nicht Kursiv

establish a power series to describe the LR(Z), in-termsas a function, of RH, Salemink et al. (1984) have shewnfound a linear { F°"“atfert= SChrfftart NiChF Kursiv

relationship between the LR(}) and the RH, Fherefore—theeffect-of the RH-must-be-considered-when-comparing-in-sity \ %:orma:fe: zc:n:a: Eursfv

reasurementsintensively discussed is the LR-enhancement due to hygroscopic growth in Zhao et al. (2017). They reported \ [F::::t::rt; A:)s:tzi—aSt.an::::schriftart

a positive relationship between LR and medeling-approaches-with-remete-sensing-techniques—Both-studies-shoewRH, but (Formatiert: Schriftart: Nicht Kursiv

their study lacks information on vertically resolved aerosol particle number size distributions and other wavelengths. [Formatiem Absatz-Standardschriftart

However, their simulations have shown that utilizing RH-dependent LR to retrieve aerosol particle light extinction from (Formatiert: Absatz-Standardschriftart, Schriftart: Nicht Kursiv

elastic backscatter lidar signals results in significantly different values than the constant LR approach. The studies above ( Formatiert: Absatz-Standardschriftart

have shown an inconclusive dependence of the LR(A) to the RH with-different representations—(linear, power-series), (F°"“atfem Schriftart: Nicht Kursliv

shewingand corroborate that further research is stit-needed-Alse;, e.g., a quantification based on direct-in-sitt-measurements \ E Formatfertf Azsatz-zbanjarjsc:rf:art

is-stikmissingvertically resolved in-situ measurements. On the other hand, modeling is based on a large number of aerosol / [ ::::::::; 2;:2:5::(1::;;:&::

input parameters regarding particle size distribution and chemical composition as a function of height which is usually not [ Formatiert: Absatz-Standardschriftart

available in the required density, e.qg., because of airborne platform and payload limitations. Details are illuminated in the [ Formatiert: Schriftart: Nicht Kursiv

article. [Formatiert: Schriftart: Nicht Kursiv
Based-on-selected-cases this study-presents-In the results-of-following, we present two field- experiments conducted ( Formatiert: Absatz-Standardschriftart

in June 2015; and Winter; 2017 at the regional Gentral-central European background measurement facility inat Melpitz, (F°rmatfem Absa'tz'Sta"‘_jardSChrifta't’ Schriftart: Nicht Kursiv

located-inthe-East-efabout 50~km northeast of Leipzig in eastern Germany. In both;-a-cembination-of field studies, ground- %:::::::: zz::::: ::z:: EE:::

based and airborne in-situ and-remete-sensing-aerosol measurements;-aceompanied-by-a-sephisticated-set-of-ground-based {Formatie +& Schriftart: Nicht Kursiv

ir-site-_and accompanying remote sensing were performed as measurements; were eonducted-under—differentperformed
during various atmospheric eenditions-and aerosol teae--conditions.

This study aims-at-first-to-compare-remeote-sensing-measurementshas three goals. Of central importance is the
comparison of ousc(A) and gexi(}) profiles obtained with eateutated-lidar with respective modeling results based on airborne

in-situ  measurement-based—modeled—coefficients,—u ng—a—elosure—study—Second; gives—insights—on—aerosol

measurements. In this context, we want to highlight the LR-erhancementand-answerschallenges that have to be faced when

instrumental limitations regarding airborne payloads do not determine the guestion—to—which—extent-complete set of

4
4

o A A U J U JC U U U U

{ Formatiert:

Schriftfarbe: Schwarz

Formatiert:

Standard, Rahmen: Oben: (Kein Rahmen),

Unten: (Kein Rahmen), Links: (Kein Rahmen), Rechts: (Kein
Rahmen), Zwischen : (Kein Rahmen), Tabstopps: 7.96 cm,
Zentriert + 15.92 cm, Rechtsbiindig




165

170

175

180

physicochemical aerosol properties. The second goal deals with the dependence of the lidar ratio depends-en-the-ambient
RHon relative humidity. The humidity-related LR enhancement at three-different-wavelengths-based-en-in-situ-measurement-
based-oeptical-medeling-under-the given-aerosol-conditionsat-the-measurerment-site—Third;-three lidar wavelengths of 355

532, and 1064 nm is modeled with input from the in-situ aerosol measurements. Finally, the study evaluates the

capabilityability of the used-Mie-model to recreatereproduce measured oans(}) values at different wavelengths-. The goal is
to ereateprovide a tool for the validation of lidar-basedphotometer-retrieved oans(A) estimates, as shown-by-Tsekeri et al.
(2018)-—Fhis-) show. The presented study, which includes simuttaneaus-modeling of onsc(X), gexi(A), and aans(X) in the ambient

and dried state based on ground-based and werticalvertically resolved in-situ;—and—remote-sensing—measurements
measurements of aerosol properties as well as remote sensing with state-of-the-art photometers and multiwavelength aerosol

lidar, is unique in its complexity.
Fhis-workThe study is structured as follows. First, ara general overview of the measurementsmethodology is
presented. Subsequently, the measurement site and the deployed instrumentations is-given—Afterwards,-details-abeut-the

instrumentation-are given—Subsegquentlydescribed. Afterward, the comparison of Mie-modeled andwith the measured
aerosol optical properties is presented and discussed separated-intoseparately for the summer and winter experiment—Fhis
also-tncludes-with-a-short-overview-of the-meteorologicalfield observations. Meteorological and aerosol conditions during
the-experiments-and Mie-model validation efforts are presented in the supplementary material. The quantification of the
RH-induced lidar ratio enhancement with-respect-to-RH-is-givenis discussed for the summer case. Finally, eenclusionsa
summary and concluding remarks are formulated-based-on-the-resuktsgiven.
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2 Modeling of aerosol optical properties

in-situ airborne

in-situ ground

Mie-model

comparison

Figure 1: Flowchart of the methodology. Orange shaded area represents the comparison in the dried aerosol state; blue shaded
areas represent the pathway for the ambient state.

The aerosol optical properties are calculated following the flowchart displayed in Figure 1. A model utilizing Mie's

theory (Mie, 1908) allows calculating the optical properties of aerosol particles under the assumption that these particles are

spherical. The Mie-model applied here fulfilled three main tasks. First, it is tested to what extent it can reproduce measured

gans(A) with the given constraints. Second, it is compared to lidar-based gpsce(A) and gexi(}) based on airborne in-situ

measurements accounting the ambient RH. Third, it derives LR(A) at ambient aerosol conditions to examine the LR-RH

dependence.
For both campaigns, an adapted, Mie-model, written in Python (package PyMieSca v1.7.5; Sumlin et al., 2018),

simulates the aerosol optical properties; in particular, obsc(L). ext(L), osca(L). and gans(L) for eight different wavelengths. From

obse(A) and geq(M), the Mie-based LR(4) (LRwie(4)) is derived. For slightly non-spherical particles, Mie-theory is still

applicable to particles with a size-parameter x = = D, 2™ of less than five; for particles with a larger x, Mie-theory results in
a lower LR(4) than the slightly non-spherical particles would have (Pinnick et al., 1976). At 355 nm, for instance, Mie-

theory would underestimate the LR(4) already for a non-spherical particle with a diameter larger than 570 nm, the

corresponding thresholds for 532 nm and 1064 nm are 850 nm and 1700 nm. Also, giant particles, usually non-spherical
result in a larger LR(A) than calculated with Mie-theory.

The Mie-model requires three major input parameters: a) the aerosol particle number size distribution, which was

measured onboard of airborne payloads or at ground level in Melpitz, b) the mixing-state of the aerosol particles, and c) the

aerosol particle complex refractive index, which is estimated by the chemical composition measurements on the ground.

The model contains a module to derive the aerosol optical properties in the dried state and the ambient state. For ambient

state calculations, the model solves the semi-empirical parameterization of Petters and Kreidenweis (2007) to simulate the

hygroscopic growth of the aerosol particles and therefore needs additional information about the ambient RH and T as well

as the aerosol hygroscopicity derived with the chemical composition measurements introduced in Sect. 3.1.1. This results

in the ambient state PNSD as well as the “humidified” complex aerosol refractive index.

Regarding the mixing state of the aerosol, three different approaches are considered in the scientific community:

1) external mixture, in which each compound is presented by its PNSD, 2) internally homogeneous mixture, with
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homogeneously mixed aerosol compounds within the aerosol particles, and 3) the internal core-shell mixture, in which a
core of a specific compound, like sea salt or light-absorbing carbon, is surrounded by a shell of, e.g., organics or inorganic
salts. For internally mixed aerosols, Ma et al. (2012) have shown that for the aged aerosol conditions at Melpitz, the core-

shell mixing model usually is the better representation of the internally mixed approaches to estimate the aerosol optical
properties. Rose et al. (2006) have shown that the number fraction of externally mixed soot aerosol particles at 80 nm

diameter is relatively low in Melpitz, indicating a majority of internally mixed aerosol particles at this size range. The study
of Yuan et al. (2020), conducted at Melpitz observatory, has shown coating thicknesses of several tens of nm of BC cores

with a diameter of about 200 nm estimated for February 2017. Based on these findings, the core-shell internal mixture model

was utilized in this study to calculate the aerosol optical properties for both campaigns. We assume that the aerosol particles
consist of a non-water-soluble core of light-absorbing carbon and a shell of water-soluble, non-absorbing material. However,

it must be mentioned that, in general, the mixing of aerosol particles is somewhat complex, and a more sophisticated

approach would be to consider mixtures of aerosol particle populations. For instance, a mixture could be a combination of

homogeneously mixed aerosol particles containing no BC and aerosol particles containing a light-absorbing BC core

surrounded by a shell of inorganic salts, organic material, or something else. However, the number fraction of both

populations would remain unclear.
This mixing approach requires the determination of the aerosol particle core and shell size and their corresponding

complex refractive index. The aerosol particle core diameter D is calculated with:

1
D, = Dp X fv,eBCE’ (8)

where fyesc is the volume fraction of eBC and is assumed to be constant over the entire size range. The volume fraction of

the eBC particles is estimated as described in the following Section 3.1.1.

Regarding the complex refractive index of the aerosol particles, following Ma et al. (2014) and references thereinr—[ Formatiert: Tabstopps: Nicht an 17.7 cm

the complex refractive index of water-soluble compounds is set to 1.53 + 1e-6i, with a 0.5% uncertainty of the real part and

0% of the imaginary part, respectively. The water-insoluble light-absorbing (eBC) compounds are estimated to have a

wavelength-independent complex refractive index of 1.75 + 0.55i, with a 4% and 6.6% uncertainty, respectively. This

approach leads to inaccuracies, especially for calculating gans(M) since the complex aerosol refractive index depends on the
wavelength. Bond and Bergstrom (2006), e.g., recommended a complex refractive index of BC at 550 nm of 1.95 + 0.79i at
550 nm, whereas Moteki et al. (2010) reported values of 2.26 + 1.26i at 1064 nm.

Also, only BC is considered, whereas brown carbon (BrC), usually organic material and hence part of the particle

shell, was not. However, BrC is especially effective in light absorption at lower wavelengths, whereas the contribution of

BC t0 gans(L) decreases towards lower wavelengths. A brief discussion of the spectrally resolved Mie-based gans()) follows
in Sect. 4.2.1.

Hale and Querry (1973) provided the complex refractive index of water (liquid; 25°C). Following this publication

the mean (+ standard deviation) of the real part of the complex refractive index of water is 1.33 (+ 0.0043) in the range from

0.3 to 1.0 um wavelength. The imaginary part is negligibly small (4.5e-7) in this wavelength range. Hence, the complex
refractive index of water is set to 1.33 + 0i with an assumed real part uncertainty of 0.5%. At ambient state, the complex

refractive index of the aerosol particle shell is derived based on the volume-weighted Zdanovskii, Stokes, and Robinson

(ZSR; Zdanovskii, 1948; Stokes and Robinson, 1966) mixing rule of the complex refractive index of the water-soluble

components, and the additionally added water. Although the sampled aerosol was dried, it always contained a small amount
of residual water, which is negligible for the hygroscopic growth calculations. In the Mie-model, each estimate of the aerosol

optical properties is derived with a Monte-Carlo approach with n = 50 runs. Before each run, the input parameters are varied

according to their uncertainty with a Gaussian normal distribution. A uniform distribution is used when the Gaussian normal

distribution creates physically unreasonable input parameters, e.g., a negative volume fraction of eBC or negative ambient
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RH. Appendixtable 2 summarizes the input parameters of the Mie-model with the uncertainties and the underlying

distribution for the variation within the Monte-Carlo approach.

The quality of the underlying assumptions is checked by means of correlation of the in-situ measured and modeled

aerosol optical coefficients in the dry state, and details are provided in the related supplementary material (Figure S4 and

S5). Mie-modeling and in-situ measurements agree with each other within 18%, implying that the model constraints provide

agood representation of the "real" aerosol properties, at least in the dried state with the limitation of a MAC(637 nm) applied

to all considered wavelengths.

3 Experiments <« | Formatiert: Standard, Abstand Vor: 24 Pt., Nach: 12 Pt.,
Nicht vom nachsten Absatz trennen, Rahmen: Oben: (Kein
tr-this-study.theThe data assembled during two campaigns near Melpitz, Saxony, Germany, are examined- in this Rahmen), Unten: (Kein Rahmen), Links: (Kein Rahmen),
Rechts: (Kein Rahmen), Zwischen : (Kein Rahmen)
study. The first campaign, named "Melpitz Column" or MelCol-summer, unless otherwise stated ongoing referred to as [Formatiert- Schriftart: Fett

summer campaign, was conducted in May and June 2015 with an intensive measurement period including ground-based
and air-borne in-situ measurements between June 13 and June 28. The second campaign, MelCol-winter, took place in
February and March 2017; and thus is referred to as the winter campaign in the further course of this paper. The upcoming
sections give an overview of the conducted experiments, introduce the Melpitz Observatory with its characteristic features,

and provide an overview of the applied instrumentation on the ground as-wel-as-trand the air.

23,1 Melpitz Observatory ~ Formatiert: Standard, Abstand Vor: 12 Pt., Nach: 12 Pt.,
Nicht vom néchsten Absatz trennen, Rahmen: Oben: (Kein
Both campaigns took place at the central European background station at Melpitz, Saxony, Germany. Melpitz Rahmen), Unten: (Kein Rahmen), Links: (Kein Rahmen),

Rechts: (Kein Rahmen), Zwischen : (Kein Rahmen)

Observatory (51° 31' N, 12° 55' E; 84 m a.s.l.) is located in Eastern Germany in a rural, agriculturally used area 44 km [Formatiem Schriftart: Fett

northeast of Leipzig. About 400 km to the north is the Baltic Sea, and about 1000 km to the west is the Atlantic Ocean.
Detailed information about Melpitz Observatory is given in Spindler et al. (2010, 2013). As part of various measurement
networks, such as GUAN (German Ultra-fine Aerosol Network; Birmili et al., 2016), ACTRIS (Aerosols, Clouds and Trace
gases Research Infrastructure), and GAW (Global Atmosphere Watch), and the measurement facility LACROS (Leipzig
Aerosol and Cloud Remote Observations System; Bihl et al., 2013) Melpitz Observatory comprises comprehensive
instrumentation in quasi-continuous operation, for high-quality, long-term observations and can be adapted to the needs as
required. An overview of the continuously operating instrumentation is presented in the following. Details about specific
instrumentation additionally added during the campaigns will be given within respective subsections.

23,1.1 Ground in-situ instrumentation +_—( Formatiert: Schriftart: Fett
. L . ) ) Formatiert: Standard, Abstand Vor: 12 Pt., Nach: 12 Pt.,
In both campaigns, the PNSD was measured by a combination of a Dual Mobility Particle Size Spectrometer (D- Nicht vom néchsten Absatz trennen, Rahmen: Oben: (Kein

Rahmen), Unten: (Kein Rahmen), Links: (Kein Rahmen),

MPSS, TROPOS-type; Birmili et al., 1999) with 10% accuracy and Aerodynamic Particle Size Spectrometer (APSS, mod. Rechts: (Kein Rahmen), Zwischen : (Kein Rahmen)
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For the calculation of the optical properties with the Mie-theory, spherical particles must be assumed. Therefore,
we asstmedassume that all aerosol particles measured by the D-MPSS system used here are spherical, and the Dy, is equal
to the volume equivalent diameter (Dy). The quality of the PNSD measurements is assured by frequent calibrations, as
deseribed-in-Wiedensohler et al. (2018):) described. To cover the entire size- range from 10 nm to 10 um, the APSS PNSD
extended the D-MPSS PNSD. For this purpose, the aerodynamic diameter (Daer) of the APSS wasis converted into Dy
applying:

P el

Vo D e R

%Dv = | Dger = &Daerv with (1)
x ~ Paer N

Paer
Y Peffs @)

-~
i

following DeCarlo et al. (2004). Thereby po corresponds to the standard density of 1 g cm, peer to the aerosol density, pesr
to the effective aerosol density of 1.5 g cm for fine mode aerosol and already accounts for the shape of the larger aerosol
particles expressed with the shape factor y. The effective density of 1.5 g cm™ wasis chosen; because with-that-athe best
overlap of the APSS and T-MPSS PNSD wasis achieved for the-majerity-efmost merged PNSDs. Also, this effective density
fits reasonably well to the findings of Tuch et al. (2000) and Poulain et al. (2014) with reported aerosol particle densities of
1.53+0.31 gcm?and 1.4 g cm to 1.6 g cm, respectively. Although shape factor and aerosol particle density are usually
size-dependent, we assumedassume a constant density and shape of the aerosol particles for all the measurements of the
APSS. At visible wavelengths, the coarse-mode of the PNSD is less efficient than the fine-mode in terms of aerosol particle
light scattering and extinction. Hence, for aerosols dominated by accumulation mode particles, the underlying assumption
is appropriate to calculate the extinction and scattering properties of the aerosol.

In addition to these continuously running instruments at Melpitz Observatory, a Quadrupole Aerosol Chemical
Speciation Monitor (Q-ACSM, Aerodyne Res. Inc, Billerica, MA., USA; Ng et al., 2011) measured the mass concentration
of non-refractory particulate matter (PM). Ammonium (NHy), sulfate (SO4), nitrate (NO3), and chlorine (Cl), as well as the
organic aerosol mass, have been derived in the fine-mode regime (NR-PM;). Further details on the Q-ACSM measurements
at Melpitz can be found in Poulain et al-. (2020). An ion-pairing scheme (ISORROPIA II; Fountoukis and Nenes, 2007)
wasis utilized to derive the chemical compounds of the aerosol particles at 293 K and 0% RH. Furthermore, a DIGITEL
DHA-80 (Walter Riemer Messtechnik e.K., Hausen/Réhn, Germany) high volume aerosol sampler collected daily the PM1o
(10 denotes an aerodynamic diameter of the aerosol particles of 10 um) aerosol particles on a quartz-fiber filter (Type MK
360, Munktell, Grycksbo, Sweden) with a total flow of 30 m® h™. Among others, Miiller (1999), Gnauk et al. (2005), and
Herrmann et al. (2006) provide detailed information about the aerosol sampler. The sampled quartz-fiber fitterwasfilters
were analyzed offline and alewvedallow the determination of the total aerosol particle mass concentration (in-this-stuehyhere,
we focus on PMyg), water-soluble ions, and the mass of elemental carbon (EC). The EC mass concentration (mec) was
measured following the EUSAAR?2 protocol (Cavalli et al., 2010);-).

A continuously operating Multi-Angle Absorption Photometer (MAAP; Model 5012, Thermo Scientific, Waltham,
MA, USA; Petzold and Schonlinner, 2004) recorded the gans(}) at Melpitz Observatory at a wavelength of 637 nm with an
uncertainty of 10% (Mdller et al., 2011) to 12% (Lack et al. 2014). Several corrections wereare applied to the aerosol particle
light absorption measurements of the MAAP. Following Miiller et al. (2011), a wavelength correction factor of 1.05 wasis
applied to all MAAP-data in this study. FurthermerePreviously, observations conducted in Melpitz by Spindler et al. (2013)
and Poulain et al. (2014) have shown that the submicron aerosol regime contains 90% of the total PM1o equivalent black
carbon (eBC; Petzold et al., 2013) mass concentration (mesc). Hence, on the estimated-mesc data, a correction factor of 0.9

wasis applied to match the corresponding PM; measurements of the Q-ACSM. With mec} and these absorption
9
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measurements, meecwasmesc_is derived using a time-dependent (t) mass absorption cross-section related to the MAAP
wavelength of 637 nm (MAC(t, 2 = 637 nm)) with:

m (t 637nm)= s ¥ ) (3)
et oo m + - g \\-/)

T aps(t(hourly),637nm) 3)

Mepc(t, 637nm) = MAC(t(daily),637nm) *

The daily average MAC(t, 637 nm) wasis derived by dividing the daily mec by the daily (midnight to midnight) mean of the

measured gas(637 nm):

. #pcpmarttdatiy)) mgc,pigitel(t(daily))
637nm) = i _ __ MEcpigitel(t(daily))
MAC(t(daily),637nm = e 0o ) = o ap (C(daily) 637, ®)

[ Formatiert: Englisch (Vereinigte Staaten)

Following this approach, a mean daily MAC(637 nm) of 10.4 m? g (median 10.9 m? g; IQR: 7.1 to 12.3 m? g%) wasis
derived-for-the-peried between February 1 and March 15, 2017. Recently, Yuan et al. (2020) provided MAC(870 nm)
estimates for the winter campaign period of this study of 7.4 m? g (geometric mean value, range from 7.2 to 7.9 m? g'%)),
which relates to a MAC(637 nm) of around 10.8 m? g* (10.5 to 11.5 m? g'%) assuming an absorption Angstrém exponent
(AAE) of 1.2 (taken from Yuan et al., 2020). Zanatta et al. (2016;) also; reported a geometric mean MAC(637 nm) of
8.2 m? g (geometric standard deviation of 1.5 m? g™). For the period between June 1 and June 30, 2015, a mean daily
MAC(637 nm) of 7.3 m? g (median 7.2 m? g%; IQR: 6.0 to 8.4 m? g'*) wasis estimated at Melpitz Observatory, which agrees
with the 7.4 m? g™ previously reported by Nordmann et al. (2013) and is slightly lower than the geometric mean
MAC(637 nm) of 9.5 m? g™*.(geometric standard deviation of 1.38 m? g*) reported by Zanatta et al. (2016) for the aerosol at
Melpitz during summer. However, the-estimates-ef-Nordmann et al. (2013) were-derived-withreported estimates based on
Raman spectroscopy. Hence, the here-estimated MAC(637 nm) values for summer and winter seem reasonable as-wekl;-but

will-beare evaluated in—-depth later-en. The specific volume fractions of each aerosol compound, fy,;, wereare derived based
on the Q-ACSM and MAAP measurements dividing the mass of each aerosol compound with its respective density.
Appendixtable- tAppendixtable 1 lists the density of each derived aerosol compound. Moteki et al. (2010) reported that it is
accurate within 5% to assume the density of non-graphitic carbon at 1.8 g cm™. Therefore, in this study, a BC density of
1.8 g cm™ is used.

Due to a lack of airborne chemical composition measurements, we assume that the chemical composition derived

on the ground represents the airborne aerosol measurements in both campaigns.

These measurements were completed by a Nephelometer (mod. 3563, TSI Inc., Shoreview, MN, USA), which
measures the osca(4) at 450, 550, and 700 nm with a relative uncertainty by calibration and truncation of about 10% (Mdller
et al., 2009). The error of the Nephelometer measurements due to truncation and illumination wasis corrected following
Anderson and Ogren. (1998).

The aerosol particle hygroscopicity parameter «, introduced by Petters and Kreidenweis (2007), represents a
quantitative measure of the aerosols water uptake characteristics and depends on the chemical composition of the aerosol
particles as well as their size. A Volatility Hygroscopicity-Tandem Differential Mobility Analyser (VH-TDMA), first
introduced by Liu et al. (1978), measures the hygroscopic growth,-ane-herce-water-uptake; of aerosol particles at a specific
RH-This-instrument- and particles sizes, and with that, the water uptake is estimated. A VH-TDMA was deployed at Melpitz
Observatory during the summer campaign—Fhe-\VH-TDMA-measured-the-hygroscopic-growth-of-aeroselparticles-n_and
operated at six different size- bins (30, 50, 75, 110, 165, and 265 nm) from which the size-resolved aerosol hygroscopicity
k(Dp) was inferred. Fheseientific-community-usesa-variety-ofFor particles smaller than 30 nm, we assume «=«(30 nm) and

for particles larger than 265 nm x=«(265 nm), respectively. For particles between two sizes, linear interpolation is applied.

The scientific community uses various VH-TDMASs, but detailed insights on the system deployed here provide Augustin-

Bauditz et al. —ro-b e o e e e s b e Dpene e o cppenn ot e o Lo es-to-another RH-
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During the winter campaign, no size-resolved direct hygroscopicity measurements were available. Therefore, the<
hygroscopicity of the aerosol particles encountered in the winter campaign wasis derived based on the parallel conducted
measurements of the aerosol chemical composition utilizing the Zdanevskii-Stekesand-Rebinsen{ZSRZdanevskii-1948:
Stokes-and-Rebinsen—1966)-volume-weighted ZSR mixing rule considering the hygroscopicity parameter of every single
aerosol compound «; listed in Appendixtable-1-Appendixtable 1. A comparison of the size-segregated x(Dy) estimates of the
VH-TDMA with bulk Q-ACSM measurements during the summer campaign has-shewnshows a 1:1 agreement with high
correlation (R? = 0.98, fit through the origin) at 165 nm-_(see Figure S6). Hence, bulk Q-ACSM measurements represent
the aerosol at a size of around 165 nm. However, the bulk Q-ACSM approach might over- or underestimatesunderestimate
the hygroscopicity of aerosol particles fewersmaller or larger than 165 nm_in diameter. Furthermore, Dusing et al. (2018)
have conducted an optical closure experiment comparing Mie-based aerosol particle light extinction and backscatter
coefficients with lidar measurements, using both; « estimates based on chemical composition and cloud condensation nuclei
counter measurements at 0.2% supersaturation. In the case of the chemical composition-measurements-the-agreement-with
the-Hdarwas-within-10%-interms-of, the aerosol particle light extinction coefficient- did agree with the lidar within 10%.
Hence, using k from the bulk Q-ACSM measurements is a feasible approach.

2.1.2 Ground-based remote sensing e

In addition to the in-situ measurements on the ground, in both campaigns, a Lidar system was used to determine
obse(L) and Gex()). This system was Polly*T, a 3+2+1 wavelengthswavelength Raman polarization lidar system, in the first
version introduced by Althausen et al. (2009). The PollyXT version in this study wasis introduced by Engelmann et al. (2016)
and did operate with three channels for aerosol particle light backscattering and two for aerosol particle light extinction.
During the summer campaign, a near-field channel at 532 nm was available. After the summer campaign, Polly*" was
updated and equipped with an additional near-field channel at 355 nm and therefore available during the winter- campaign.
Vertical profiles of these aerosol properties wereare available; each 30 s with a vertical resolution of 7.5 m. The geometry
of emitted laser and far field-of-view (FOV) leads to a partial overlap below 886-man altitude;whieh-is of 800 m, known as
the overlap height, and can be determined experimentally (see Wandinger and Ansmann, 2002). Below 800 m, an overlap

correction wasis applied to the lidar data (see Engelmann, 2016;-and; Wandinger and Ansmann, 2002). The standard far
FOV is 1 mrad and the near FOV is 2.2 mrad (Engelmann et al., 2016). The automated data evaluation routines and quality
check control are presented in detail in Baars et al. (2016). An intercomparison campaign presented by Wandinger et al.
(2016)), including different EARLINET (European Aerosol Research Lldar NETwork) instruments, including the system
within this study (see Lidar system named le02 thereiny), has shown a maximum deviation of less than 10%. Hence, we

assume a 10% measurement uncertainty of the ousc(1) measurements.

During the daytime, the signal-to-noise ratio in the Raman-_channels is too weak due to solar radiation to provide
robust Raman oex()). Therefore, in this and other studies, e.g., Omar et al. (2009), Kim et al. (2018), Rosati et al. (2016a)
and Hopner et al. (2016), the ansc(4) have-beenis converted to gex(2)By-means-of utilizing the extinction-to-backscatter ratio,
also known as lidar ratio (LR, in sr), with:

T =65 Oext () = Opsc(4) X LR=(2). ®)
LR is an aeresel-intensive aerosol property. The estimates of oex(4) hence are subject to uncertainties arising from the LR
uncertainty and gpsc(A).

In the past, several studies; investigated the LR of different aerosol types with ground-based lidar systems (Haarig
et al., 2016, Mattis et al., 2004, Wang et al., 2016, and Ansmann et al., 2010; with an airborne lidar system by GroB et al.

(2013). Cattrall et al. (2005) estimated LRs at 550 nm and 1020 nm wavelength based on retrievals of direct sky radiance

i
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and solar transmittance measurements. Tao et al. (2008) and Lu et al. (2011) determined the LR with a synergistic approach
combining space-borne and ground-based lidar. Diising et al. (2018) provide LR based on airborne in-situ measurements
estimated with Mie-theory. All these investigations clearly show that the LR is highly dependent on the predominant aerosol
types. Miiller et al. (2007) and Mattis et al. (2004) provided an overview of the LR for different aerosol types. Mattis et al.
(2004) provided long-term (2000-2003) estimates of the LR for central European haze (anthropogenic aerosol particles) of
58 (£12) sr for 355 nm, 53 (+11) sr for 532 nm, and 45 (+15) sr for 1064 nm wavelength, respectively. In this study, the
measured opsc(A) wasis transformed into gex(A) with these estimates: (see Figure 1; lidar box). The uncertainties of the

estimates of Mattis et al. (2004) and the measurementsmeasurement uncertainties of the lidar system wereare accounted for

in the derived gex(})._Later, the LR derived with the Mie-model in the ambient state is compared with the LR provided by

Mattis et al. (2004). With the uncertainty range of the LR by Mattis et al. (2004) and applying Gaussian error propagation

the uncertainty of the lidar-based oex(4) is at best 23% at 355 nm, and 532 nm, and 35% at 1064 nm, respectively.

Additionally, a sky spectral radiometer (mod. CE318, Cimel Electronique, 75011 Paris, France) was deployed
during both intensive periods of both campaigns as part of the AERONET observations. This pointed sun radiometer derived
the AOD at several wavelengths, and Holben et al. (1998) provide detailed insights on the working principle of this
instrument. It was used to cross-check the lidar retrievals in-terms-ofvatidation-ofto validate the integrated oex(A) profiles
with the AERONET AOD.

With a combination of both; the lidar and the sun-photometer, profiles of as(A) can be estimated using the
Generalized Aerosol Retrieval from Radiometer and Lidar Combined data algorithm (GARRLIC; Lopatin et al., 2013).
ButHowever, AOD at 404 nm of 0.4 and more areis needed for this purpose;; thus, we could not apply it for our study.

2.1.3 Airborne in-situ measurements-guring-stmmer,

. .
Measurement platforms

During the intensive period of the summer campaign, a set of state-of-the-art instruments, installed on the airborne
platform ACTOS (Siebert et al., 2006), determined microphysical and aerosol optical properties. ACTOS was designed as
an external cargo under a helicopter with a 150 m long aerial rope and was operated at maximum ascend and descend speeds
of 6 m s, Ambient RH and temperature (T) were recorded as well and wereare averaged to a temporal resolution of 1 Hz.
A data link was established between ACTOS and a receiver station installed on the helicopter-and-allewed-the. The scientist
on board ef-the helicopter a-adjusted flight height and track based on the real-time data observation-te-adjust-flight-height
and-track. The measurement strategy is shown in the supplementary material with a typical flight pattern displayed in Figure
Si.
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On ACTOS, a custom-made silica-bead--based diffusion dryer dried the air sample to ensure an aerosol humidity

below 40%%, following the recommendations of Wiedensohler et al. (2012). The RH has been measured downstream of

the dryer with a RH sensor (model HYT939, B+B Thermo-Technik GmbH, Donaueschingen, Germany) sensor. The upper

cut-off of the inlet system is estimated at around 2 um following Kulkarni et al. (2011).
During MelCol-Winter, the tethered balloon system BELUGA (Balloon-bornE modular Utility for profilinG the

lower Atmosphere, Egerer et al., 2019) carried a set of payloads, which determined meteorological conditions, including

ambient T and RH, as well as microphysical and aerosol optical properties. The aerosol was sampled with instrumentation

with a temperature-insulated box. The 90 m? helium-filled balloon was attached on a 2 km long tether (3 mm Dyneema®)

an electric winch allowed profiling with a climb and sink rate of 1to 3ms™.
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Varying wind gspeeds during the campaign changed the inclination of the aerosol inlet accordingly. Therefore, we

do not account for the varying upper cut-off of the inlet. However, calculations following Kulkarni et al. (2010) with an
inclination angle of 90° show that 50% of 10 pum aerosol particles with a density of 2 g cm are aspirated by the inlet at a

wind-speed of around 0.8 ms™.
The aerosol was passively dried with a silica-bead-based dryer similar to the one on ACTOS to dampen sudden

changes in the RH of the aerosol stream. Such speedy fluctuations in relative humidity affect filter-based absorption

measurements and has been shown by Dising et al. (2019), among others, for the instrument used in this study.

Aerosol optical properties

In summer and winter, the aerosol optical properties were measured onboard ACTOS. The Single Channel Tri-
Colour Absorption Photometer (STAP; Brechtel Manufacturing Inc., Hayward, CA, USA) derived gans(A) at 450, 525, and
624 nm wavelength, respectively. Briefly, the STAP evaluates gans(L) based on light attenuation measurements behind two
filters with a spot-size of around 1.75 x 10° m™ In this study, quartz-fiber filters (Pallflex membrane filters, type E70-
2075W, Pall Corp., Port Washington, NY, USA) were used. On one filter, the aerosol matters deposits, and one filter spot

stays clean downstream of the first filter. A photodetector detects the intensity of light of the given wavelength behind these
filter spots. All raw data have been recorded on a 1 Hz time resolution. At default, the STAP estimates gans(L) based on 60 s

running averages of the measured intensities. At this averaging period, the measurement uncertainty is estimated to be

0.2 Mm*. Based on differential light attenuation measurements between two time-steps, the STAP calculates the gans()).

Filter-loading and the enhancement of absorption due to multiple scattering within the filter-material have are corrected

following Ogren (2010) and Bond et al. (1999). These corrections include the real-time estimated filter-transmission

dependent loading correction factor:
[F@),= (1.07967 + 0.71) ! (0

where the transmission z is defined as the ratio of the intensity I(t) measured at time t and the blank-filter intensity

lo = I(to). ADue to the limited computational power of the internal chip onboard of the STAP gans(A) is recalculated based
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on 30 seconds time resolution during the post-processing with more considerable precision. Also, STAP data has been

corrected in terms of scattering artifacts following Bond et al. (1999). At the time of the measurement campaign, the STAP
was still in an early stage of development and reacted very sensitively to changes in temperature. Therefore, measurements
of the STAP from the summer campaign are not shown here but are mentioned for the sake of completeness.

Additionally to the STAP_measurements in summer, a Cavity Attenuation Phase Shift Monitor (CAPS PMss;

Aerodyne Research, Billerica, MA, USA) was measuring oeq(A) and oscs(A) at 630 nm wavelength each second. The

measured aerosol particle light scattering coefficient is not used within this study, and therefore, the truncation error of

0sca(630 Nm) is not corrected. Moreover, we focus on oex(630 nm) estimated with a 5% accuracy. However, a detailed

characterization of the CAPS PMssa monitor is provided by Modini et a. (2021). Truncation and scattering cross-calibration

correction factors are reported with uncertainties of 2% and 4% to 9% for fine and coarse mode dominated aerosol.

Aerosol particle number size distribution

In summer, a TROPOS-built MPSS determined the PNSD with a temporal resolution of two minutes covering a

size range of 8 nm to 230 nm. This temporal resolution translates into a vertical spatial resolution of several 100 m depending
on the ascent/descent speed of the helicopter. Like the D-MPSS on the ground, this MPSS included a bipolar charger (here
mod. 3077A, TSI Inc., Shoreview, MN, USA) containing radioactive Kr-85, a TROPOS-type DMA (Hauke-type, short}),
and a condensation particle counter (CPC; mod. 3762A, TSI Inc., Shoreview, MN, USA) with a lower cut-off diameter
(Dpsow; the CPC detects 50% of the aerosol particles with this diameter) of around 8 nm and counting accuracy of 10%. An
optical particle size spectrometer was used to determine the PNSD within a specific size range in both campaigns. In the
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summer _campaign, an optical particle size spectrometer (OPSS; here mod. skyOPC 1.129, GRIMM Grimm Aerosol

Technik, Ainring, Germany) recorded the optical equivalent PNSD covering an aerosol particle size range of 350 nm to

2.8 um (optical diameter) with a temporal resolution of 1 Hz. Fhecorrespondingtwo-minute—averaged-OPSS-PNSB

he- MP PNSD-Thede ed-geometrv-of-theopticalce nside-the-instrumen unknown—HeneceThe manual

of the skyOPC (v. 2.3) states that each offspring OPC unit is calibrated to a mother instrument with a so-called in-house

standard using polydisperse mineral dust (dolomite). The polarization of the used laser with a wavelength of 655 nm is

unknown but is needed to calculate precise response curves. Because of these reasons, a correction regarding the complex
aerosol refractive index (n =n, +in;) could not be applied to the data set. The OPSS in-situ measurements are quality

checked by comparing the average PNSD of the lowermost 200 m with the ground in-situ measurements (see Figure 2).Fhe
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Figure 2:2;, PNSD at dried state derived during flight 20150617b. The red line indicates the mean PNSD in the atmospheric layer<.

between 0 — 200 m sampled with the ACTOS MPSS and OPSS. The black line represents the mean PNSD derived on the ground
during the ACTOS flight time. Red transparent thin lines display the PNSDs derived with ACTOS adjusted with the height-
corrected PNSD measured at Melpitz Observatory.

Formatiert: Schriftart: 9 Pt., Fett

Formatiert: Schriftart: 9 Pt., Fett

(
{
[ Formatiert: Standard
(

Formatiert: Schriftfarbe: Schwarz

Formatiert: Standard, Rahmen: Oben: (Kein Rahmen),
Unten: (Kein Rahmen), Links: (Kein Rahmen), Rechts: (Kein
Rahmen), Zwischen : (Kein Rahmen), Tabstopps: 7.96 cm,
Zentriert + 15.92 cm, Rechtsbiindig

)
)
)
|




535

540

545

550

555

560

565

570

omparisons _reveal a distinct
underestimation of the aerosol particle number concentration above 800 nm in optical diameter (see Figure-2)-—TFhisFigure

2). The underestimation is caused presumably due to a mixture of losses within the system, which cannot be addressed
appropriately-ane-the. The here missing refractive index correction of the OPSS which-would shift the OPSS PNSD more

to larger particle diameters (see Alas et al., 2019). A corresponding two-minute mean of the OPSS measurements extended
the MPSS PNSD, and the resulting PNSD has been corrected concerning aspirational and diffusional losses following

Kulkarni et al. (2011) and Wiedensohler et al. (2012) using the method of the "equivalent pipe length".

In the winter campaign, an OPSS (mod. 3330, TSI Inc., Shoreview, MN, USA) was sampling the PNSD in a range
of 0.3t0 10 um in 16 size bins every 10 seconds. Sinee-the-Diffusional losses at the OPSS size range are negligible and are
not considered. Contrary to the PNSD derived with the sykOPC, this OPSS PNSD is corrected with in-sitehouse software

in terms of the complex aerosol refractive index. A complex aerosol refractive index of 1.54 + i0 is used since this results

in OPSS PNSD with a decent overlap to the MPSS PNSD measured on the ground. The imaginary part of the complex

aerosol refractive index is forced to 0 because it leads to a significant overestimation of the coarse mode in the PNSD when

the imaginary part of the complex aerosol refractive index is above 0 (see Alas et al., 2019). Note that this complex aerosol

refractive index is not the refractive index used in the Mie-model because the imaginary components of the refractive index

are used in the model. For the investigated days of the winter campaign, a median complex refractive index of the aerosol

of 1.56+i0.11 is found for February 9 and 1.56+i0.06 for March 9, respectively. However, these refractive indices are based

on the ZSR mixing of homogeneously mixed particles but, a) we assumed a core-shell mixing of the aerosol particles and

b) the shape of the aerosol particles is essential as well for the refractive index correction. Therefore, the used complex

refractive index for correction is more an effective refractive index to match the OPSS PNSD to the PNSD derived at ground
level with the MPSS and APSS.
In both cases, the instrumentation at-greund-onboard the payloads did not cover the entire aerosol particle size

range from 10 nm to 10 um. Since the in-situ instrumentation at the ground is quality-assured, the ground-based

measurements isare the reference and wasare utilized to correct the airborne measurements. Fherefore,-abeve-800-nm;-the

ground-at-Melpitz- ObservateryThe missing size range is addressed as follows: The size range of the corresponding PNSD
from the ground fills the missing size range; from 10 nm up to 326 nm, in the winter case, in the summer case, all sizes

larger than 800 nm in optical diameter. Advantageously this addresses the unaccounted underestimation of larger particles

by the skyOPC in the summer case and also provides volume-equivalent diameters for the Mie calculations in that size

range. To account for vertical variability within the atmosphere, the ground-based PNSD is corrected for altitude,

establishing a non-fixed altitude-correction factor fy. The altitude-correction factor fn(h-sear)-was) is calculated according
to Eq. (6):

MNopssth)  Nopss(h)
hysean) = ot Nonss( 6
I ) Mopss<200m Nopss,<xm ( )

Wherewhere Nopss <200(<x M) is the mean aerosol number concentration derived with the OPSS in the lowermost 266-x m.

For the summer campaign, x is set to 200 m-, and in the winter campaign, 50 m. Nopss(h;-sean) is the mean aerosol particle

number concentration detected by the OPSS during-the-correspendingsean-time-of the MPSS-at a given attitude- h{Nopss(h))-
Advantageeustyheight h. In the summer campaign, h is the corresponding mean height of the two minutes MPSS scan

period; in the winter campaign, it is the mean altitude of the 10 second measurement period of the OPSS. Advantageously

for the summer case, this method accounts for uncertainties introduced due to differences in the complex refractive index

of the calibration aerosol and the prevalent aerosol and accounts for the upper cut-off limit of the inlet- system.
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4.1.1 Model vs. Lidar «

3
0 [K] Nopss [em™]
295 297 299 0 20 40 60 80

—— 355nm — 355nm =
2500 532nm - 532nm

— 532nf 532nf

— 1064 nm 1064 nm

— lidar const. LR

lidar const. LR

. [ Formatiert:

Schriftart: Fett ]

Formatiert:

Standard, Abstand Vor: 12 Pt., Nach: 12 Pt.,

Nicht vom ndachsten Absatz trennen, Rahmen: Oben: (Kein
Rahmen), Unten: (Kein Rahmen), Links: (Kein Rahmen),
Rechts: (Kein Rahmen), Zwischen : (Kein Rahmen)

[ Formatiert:

Schriftart: 9 Pt., Fett

[ Formatiert:

Schriftart: 9 Pt., Fett

|| Formatiert:

Schriftart: 9 Pt., Fett

o

Formatiert:
Oben: (Kein Rahmen), Unten: (Kein Rahmen), Links: (Kein
Rahmen), Rechts: (Kein Rahmen), Zwischen : (Kein Rahmen)

Standard, Abstand Nach: 10 Pt., Rahmen:

2000 Mie -
= 1500 Fudl
E
]
~
1000 a4 3
500 " - 355 nm
3 $320m
yy% 1064 nm
. —— Mie
B e —— Mattis et al. (2004)
0 1 1 1 1 1 | 1 1 1 I
0 2000 6000 0 2 4 6 80 100 300 5000 100 200 300
-3 -1_.—1 -1
RH [%] Nepe [em™]  Opse [Mm™'st™ ] Gex [Mm™] LR e [sr]
780
3 ¢ 355mm
( J . 532 nn
0 [K] Nopss [em™] : Siwm
295 297 299 0 20 40 60 80 M tal 2008
2500 C="1 U=
—53210f ‘ — 532nf (] B 1N
1064 nm % 1064 nm T ™ ¢
— lidar const. LR } — lidar const. LR HteRp—
& Mie & Mic L 48
) A - i
2000 R BT il
| e
B I T (e
T H
— 1500 ' e viryem
B ! - Wil
- ' e
'Q ' I i
1000 sl e = i [x] + -
I I 311K
| Lo
R N T E—
500 o s -
‘)-4—1 \’;"“ -t »<I
& Py TN
o FeipE
"0 I
B D—QH-i -
0 1 1 1 1 1 [T NS T 1 latal.t
40 60 80 0 2000 6000 0 2 4 6 80 200 400 0 20 60 100 Q28
- N N

RH [%]  Nepc [em™] Opse [Mm'st™"] Gex [Mm™'] LR ygie [s1]

{ Formatiert:

Schriftart: 9 Pt., Fett

( Formatiert:

Schriftart: 9 Pt., Fett

1 Schriftart: 9 Pt., Fett

1 Schriftart: 9 Pt., Fett

Formatiert:

Schriftart: 9 Pt., Fett

/| Formatiert:

Schriftart: 9 Pt., Fett

| Formatiert:

Schriftart: 9 Pt., Fett

| Formatiert:

Schriftart: 9 Pt., Fett

' | Formatiert:

Schriftart: 9 Pt., Fett

/ Formatiert:

Schriftart: 9 Pt., Fett

Formatiert:

Schriftart: 9 Pt., Fett

Formatiert:

Schriftart: 9 Pt., Fett

Figure 6:3: a), Vertical profiles of the 20m-layer averages of the ambient RH (blue;-first-panel), potential temperature @ (red;firste
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panely,). b), the aerosol particle number concentratlon of aII partlcles (Ncec; black—seeend-panel)—)‘and ofthe particles detected
d —). ¢) aerosol particle light

785 backscattering coefficient (cbsc())) averaged from 08: 35 to 09: 00 UTC)— Lmes regresent Ildar estlmates @nd modeled {estimates ////,
displayed by triangles; (for,each PNSD scan on ACTOS for the given |/,

wavelengths 355 nm (blue), 532 nm (green), and 1064 nm (red). Fhe-forth-panel-thed) aerosol particle light extlnctlon coefficient
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rodel-{dets)-at-the-respeetivefor the different wavelengths (eelered-dets)indicated by colors) based on Mie-calculations (dots |
790 with error bars),and thefrom Mattis et al. (2004) (solid, vertical lines, vertical dashed lines represent the-LR-given-in-Mattis-et-al / /
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815

denote 3-sigma-range-within=threetimes—standard-deviation; around LRwmie(4) they denote the range of possible LRwmie(4)

08:08 and 09:58 UTC on June 26, 2015.

Figure-6Fiqure 3 shows the vertically resolved atmospheric conditions during the measurement flight eenducted
between 08:08 and 09:58 UTC on June 26, 2015. The 20 m-layer averages of microphysical aerosol particle properties, the
ambient RH and T, and the measured (average between 08:35 and 09:00 UTC) and modeled aerosol optical properties of
each PNSD scan are shown. The top of the PBL is about at an altitude of around 2 km. From 2000 m to 0 m altitude, the
total aerosol particle number concentration, measured by the CPC (Ncrc), as well as the number concentration for aerosol
particles larger than 350 nm (Nopss)-inelicate-), indicates the presence of two different aerosol layers:_(panel b)). Between
1200 and 1800 m altitude, a layer withis indicated by a constant Nepc of around 4000 cm and a Nopss of around 55 cm™®
has-been-ebserved-. In the layer from 700 m to 0 m altitude, Ncpc steadily inereasedincreases towards the ground up to
5000 cm, while Nopss scatters around 45 cm. For this layer, the model caleulatedcalculates larger optical coefficients
thenthan observed with the lidar. Above 786-man altitude of 700 m, the model ealeulatedcalculates lower gpsc(A) at 355 nm

and 532 nm and slightly lower gex(355 nmy):) (Figure 3c) and d)). That indicates different aerosol populations in these

layers. ForThe flight was conducted in the early morning from 08 to 10 UTC. During this daytime, the PBL is usually still

developing due to thermal convection. Hence, most of the data were collected within the residual layer-near. The residual

layer is an aged layer of aerosol, and the aerosol sampled on the ground {should not represent the layer aloft the PBL.

However, the model calculates aerosol particle light backscatter and extinction within 35% compared to the lidar with the

best agreement at 532 nm, reproducing the extinction within 12%, much smaller than the approximated lidar uncertainty.

Within the PBL, presumingly up to 686-man altitude} of 600 m, the model significantly calculates larger gex(\) and opsc(}).
Surprisingly, the assumptions within the model mighttled—to—aerosel-opticalcoefficientstarger—than—thetidar-based

enescapture the conditions within the residual layer better than the aerosol conditions within the PBL. Maybe, the more

aged aerosol within the residual layer fits better the core-shell mixing assumption with the model.
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Figure 7:4;, Scatter plots of the measured (lidar) and modeled (Mie) ambient state aerosol particle light backscattering (absc(A),*

panel &)) and extinction (eext(2), panel b)) coefficient derived during flight 20150626a. Vertical uncertainty- bars indicate the

range within three times the standard deviation of the mean. Horizontal uncertainty- bars denote the uncertainty of the lidar

estimates. Colored lines represent linear fit at the corresponding color for 1064 nm (red), 532 nm (green, NF dark green), and
355 nm (blue). BlaekThe black,dashed line represents the 1:1 line.

Figure7-summarizesFigure 4a) and 4b) summarize the results shown in third-and-fourth-panel-Figure-6-Figures
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3c) and 3d). Regarding onse(A), the Mie-model ealettatedcalculates around 34 (+6.4)% larger values than measured with the
lidar at 1064 nm wavelength, 19.1 (+4)% lower values at 532 nm, and 35.3 (+3.3)% lower values at 355 nm. Considering
cext(M), the estimates of the Mie-model wereare 31 (£5.8)% larger than the lidar-based estimates at 1064 nm wavelength and
by 5 (+4)% larger at 532 nm. At 355 nm, the Mie-model ealeulatedcalculates around 16.7 (£3)% lower aerosol particle light
extinction coefficients than derived with the lidar.

Panel-5-of Figure-6Fiqure 3e) displays the spectrally resolved modeled LRwie(4) and the LR(%) with the given

uncertainty- range reported by Mattis et al. (2004). taWithin the lowermost 1200 m, LRwmie()) wasis relatively constant, and /'

the RH did-inereaseincreases from ground to 1200 m from around 50% to 70%. The impact of the RH on the LR(2) wasis

small due to_the small hygroscopic growth of the aerosol particles in this RH range. Under these conditions, the mean
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835

840

LRwie(2) wasis 54 sr at 355 nm and 532 nm, respectively. This meanaverage LRwie(4) is in the range of reported LR(4) for

urban haze aerosol reported by Miller et al. (2007) and Mattis et al. (2004) and is reasonable considering also the

LR(532 nm) of polluted dust aerosol of 60 sr reported by Omar et al. (2009. The anthropogenic influence (urban, polluted)

is indicated by a larger mesc compared—tothan observed on June 17; and 28 (see Figure—5)-Figure S2). The mean
LRwmie(1064 nm) below 1200 m altitude wasis 30 sr and agrees with the findings of Omar et al. (2009). They reported aan

LR(1064 nm) of 30 sr based on satellite-borne lidar observations for clean continental, polluted continental, and polluted
dust aerosol. Above 1200 m altitude, the LRwie(2) followed the trend of the RH up to the PBL top, indicating aan LR-RH

dependence.
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Figure-8Figure 5 displays vertical profiles of the same observed parameters as shown in Figure-6Figure 3 obtained
during the second flight (12:43 to 14:19 UTC) on June 17, 2015. Differently tofrom June 26, a larger decrease of RH was
observed above the top of the PBL at around 1800 m to 2000 m altitude- (Figure 5a)). Below 2000 m altitude, the RH wasis

850 steadily decreasing from 75% to 35% towards the ground. The stable Nopss and Ncpc of ~15 cm and 3800 cm, respectively,
indicatedindicates a well-mixed planetary boundary layer up to an altitude of around 1800 m—Oppesing_(Figure 5b)).
Compared to the case of June 26, 2015, on average, the medeledmodel values of the gnsc(2)were- are 1.4% to 12.3% lower
than the lidar-based ones by-1-4%to-12.3%(see Fable-2).Table 2). The model ealeulatedcalculates significantly lower
(42.9% to 35.9%) gex(l) in the ambient state than derived withfrom the lidar aerosol particle light backscatter using the

855  LR(4) of Mattis et al. (2004).

We assume that the LRs for urban haze aerosol reported by Mattis et al. (2004) might not apply to that day. The
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spectral behavior of LRwie(1) was different from the case of June 26. In particular, during flight b on June 17, the
LRwmie(532 nm) wasis in the range of LRwmie(1064 nm), whereas on June 26 LRwie(532 nm) wasit is in the range of
LRwmie(355 nm). Within the lowermost 400 m, under dry conditions at around 40% RH, the LRwie(355 nm) wasis around
860 38 sr, at LRwmie(532 nm) and LRwie(1064 nm) wasis around 23 sr. Fhis-is-agreesThese LRs agree with Catrall et al. (2005)),
who have reported aan LR(550 nm) of 28 (+5) sr with a ratio of LR(550 nm)/LR(1020 nm) of 1.0(20.2) for marine aerosol.
Hence, the prevalent aerosol on this day possibly could be classified as marine type aerosol applying the classification of
Catrall et al. (2005). The origin of the corresponding trajectory cluster (see supplementary material; WS-A2 (clean); Sun et

al., 20192020) located over the North Atlantic suppertsupports this aerosol classification. Applying the LRwie(1) displayed
865 in the fifth-panelFigure 5e) t0 ouscia(4), the slope of the linear fit of modeled and the lidar-based gex() wasis much closer
to 1, and the agreement wasis within 12.9% (underestimation of 7% at 1064 nm, 7.9% at 532 nm, 5.2% at 532 nm near-field

[ Formatiert: Schriftart: Kursiv ]
[ Formatiert: Schriftart: Kursiv ]

channel, and 12.9% at 355 nm). Above the PBL, within the free troposphere, the model is significantly larger than the lidar

estimates. However, ACTOS was not flying directly above the lidar; hence, small scale differences in the PBL height could

explain the difference. These variations in the PBL height are also visible in Figure S1, with distinct variations of the aerosol

870 load within a short period.
Averaged over all four investigated flights, the Mie-model ealeutatedcalculates lower optical coefficients than
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derived by the lidar. Fable2Table 2 summarizes the slopes of the correlation between measured and modeled optical
coefficients of the four investigated flights.
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On average, the modeled opsc(A) wasis 32.2 (x1.9)% lower at 355nm, 17.5(%2.3)% at 532 nm,
16:3(+2:6.3 (+11.8)% at 532 nm near-field channel, and 9.2 (+3.6)% lower at 1064 nm; the modeled Gex(A)was_is
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25.2 (#2.1)% lower at 355 nm, 13.6 (+2.9)% at 532 nm, 12.9(+3.422.6 (+11.8)% at 532 nm near-field channel, and

28.9 (£3.9)% lower at 1064 nm. Over all cases, the largest fraction of cases with an overlap of the uncertainty ranges of

modeled and lidar-based values is observed at 532 nm for the near-flied channel extinction at 532 nm. Most cases of overlap

at backscatter, in particular, 61%, are observed at 532 nm and the far-field configuration of the lidar. Ferrero et al. (2019)

have shown that unaccounted dust has-a-significant-impaet-ensignificantly impacts the modeling of opsc(}). Their Mie-
calculations have been 72% to 39% lower than the corresponding lidar measurements without considering dust. After

considering the 45% of unaccounted PM1o mass as dust, thetheir modeled results agreed with the lidar measurements (37%
overestimation at 355 nm, and within 7% at 532 nm and 1064 nm) and increased the intensity of the scattered light at 180°
significantly. In thisour study, we do not consider dust or any other crustal material within the chemical composition. Hence,

the missing dust and crustal material could explain the underestimation of the Mie-model. Moreover, as the refractive index

correction of OPSS tends to shift the particle towards a larger diameter, at least partially, that could explain some of the

underestimations, although the used size range of the skyOPC is limited between 356 and 800 nm.

Another reason could be an—underestimation—efunderestimating the aerosol hygroscopicity and, hence—an
underestimation-of, underestimating the aerosol particle growth resulting in a lower simulated extinction and backscatter
cross-section of the aerosol particles in the ambient state. As stated by Wu et al. (2013)), evaporation of NHsNO; within the
VH-TDMA system can occur, and therefore the hygroscopicity is underestimated compared to size-segregated
hygroscopicity estimates based on chemical composition measurements. Also, as shewn-by-Rosati et al. (2016b);) have
shown, the variation in temperature and RH can have-an-influence en-the apportionment of ammonium nitrate, which has a
x of 0.68 (see Appendixtable-1)-Appendixtable 1). A lower temperature at higher altitudes results in less evaporation and
thereby-te-a larger volume fraction of ammonium nitrate, and-henee-to a larger hygroscopicity in that altitude.

Furthermore, De Leeuw and Lamberts (1986) have shewedshown that ouse()) is sensitive to a) the refractive index
and b) the covered size- range. At a size-constant imaginary part of 0.05, the variation in opsc(X) for a real part of 1.4 to 1.6
is almost one order of magnitude. At a real part of 1.56, they have shown that increasing the imaginary part from 10 to 10°
! decreases opsc()) by one to two orders of magnitude. Since the BC content mainly drives the imaginary part is-mainly
driven-by-the-BC-eentent-within the aerosol, an overestimation of the BC mass would result iatein a larger imaginary part
of the refractive index and hence to a obsc(A) which would be too small. Also, they stated, extending the covered aerosol

particle diameters to more than 32 um significantly increases both-extinction as-wel-asand backscatter. They also showed
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that gexi(A)_is, in general, less sensitive to the imaginary part of the complex refractive index compared to guse(A). However,

the real part is impertantessential, and the aerosol particle light extinction increases with increasing the real part. Thereby,

the increase is larger the smaller the wavelength is. Hence, a) non-captured aerosol particles larger than the observed size-

range could ledlead to larger gusc(A) and gex(A), and b) the constant complex aerosol refractive index over all wavelengths

and for all particle sizes could also had-an-influence-en the results. However, the bulk chemical composition approach has
shewnshows good agreementsagreement with the in-situ scattering measurements on the ground — at least at 450 nm
wavelength. A wavelength-dependent complex refractive index of the aerosol components could improve the agreement.

Furthermore, the-appreach-ef-correcting the airborne PNSD with the OPSS-based altitude correction factor f, might
underestimatesunderestimate dN/dlogDy in higher altitudes-which-would—result-into, resulting in lower modeled optical
coefficients than observed with the lidar.

Ma et al. (2012) hashave already shown; that a mixture of fully externally and internally core-shell mixed aerosol
containing light--absorbing carbon is a better representation to derive the hemispheric aerosol particle light backscattering
coefficients (HBF)-and). Also, they reported a mass fraction of fully externally mixed light-absorbing carbon of 0.51 (+0.21)
for in the North China Plain for July 12 to August 14, 2009. With fixed refractive indices of the aerosol components
(1.8 + 0.54i for light--absorbing carbon and-fer the less absorbing components 1.55 + 1e-7i) and constant volume fractions
for the whole observed particle size range, they have shown that the core-shell approach overestimates the measured HBF
at 450 nm by around 10% and underestimates the measured HBF by about 5% at 700 nm wavelength. Although HBF is not
obsc(L), these results show that the constant mixing approach in this study might ledlead to biases in the modeled aerosol
optical coefficients.

In addition, the integration approach in combination with the non-observed size range from 230 nm, the last channel

of the MPSS on ACTOS, to 356 nm optical diameter, the first channel of the skyOPC, could cause an underestimation of

the optical parameters when the peak of the optical parameter size distribution, dopscexi(4)/dlogD, is in between the

mentioned diameters. Based on the ground-based observations, we simulated a similar case. We removed some bins in size

range of 226 to 356 nm and did Mie-model calculations for the winter period. No significant difference is observed between

both approaches for aerosol particle light extinction coefficient at all three wavelengths and the aerosol particle light

backscatter coefficient at 1064 nm (within 2.5%). However, with the gap, at 355 and 532 nm, the aerosol particle light

backscatter coefficient is calculated around 8% larger and might indicate that the airborne-based calculated aerosol particle

light backscatter coefficients at these wavelengths are too large.

To summarize, biased hygroscopicity, the refractive index, assumed mixing approach, the eBC volume, and the

limited observed size range can lead to the differences of both approaches. However, considering the maximum uncertainty

of the lidar of 23% at 355 nm, and 532 nm, and 35% at 1064 nm, on average, the modeled extinction is within the uncertainty

of the lidar for 532 and 1064 nm, for 355 nm, the model is slightly smaller. Also, the modeled values are subject to

uncertainty as well. On average, at 355 nm, the three times standard deviation of mean is 20.1% of the mean modeled

extinction coefficient, at 532 nm 21.4%, and at 1064 nm 21%. In the aerosol particle light backscatter coefficient at 355 nm,

we have a 26.8% uncertainty, at 532 nm, a 29.1% uncertainty, and for 1064 nm, we have 24.9%, respectively.

4.1.2 RH dependence of the LR(4) e

Based on the four measurement flights during the summer campaign, the LR(%) dependence on the RH have-beenis
examined. The winter cases have-beenare excluded in this analysis because the underlying measurements were;-atthough
basieathyare based on airborne in-situ measurements, different in a) the underlying hygroscopicity estimates, and b) the
measured aerosol particle number size distribution.

Fhefifth-panel-of Figure-6-and-Figure-8Figure 3e) and Figure 5e) displays the Mie-based ambient state LR(%) at
the given wavelengths (dots with error bars) and the reference LR(2) of Mattis et al. (2004), represented by the color-coded
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vertical lines with the given uncertainty range marked as dashed lines around these. The mean LR(2) of flight 26a calculated
with the Mie-model in the ambient state was 64.1 (+14.1) sr at 355 nm, 61.7 (+10.9) sr, and 36.2 (+8.0) sr at 1064 nm, which
is 10.5% larger, 16.4% larger and 19.6% lower than the corresponding LR() reported by Mattis et al. (2004) but in the given
range. The vertical structure of LRwie(1) ig-foHowfollows the trend of the RH.

Previous studies reported a significant influence of the RH on the aerosol optical properties often expressed with
an enhancement factor. Zieger et al. (2013), e.g., presented the aerosol particle light scattering enhancement for different
European sites, Skupin et al. (2016) published a four-year-long study on the impact of the RH on the aerosol particle light
extinction for Central European aerosol, and Haarig et al. (2017) showed the backscatter and extinction enhancement for
marine aerosol. Ackermann (1998) investigated the dependence of the LR(4) on RH for different aerosol types with a
numerical simulation; but has not presented aan LR(%) enhancement factor, and the underlying PNSD were solely based on
climatology data and not based on actual measurements like within this study. Following the approach of Hénel (19803), the

RH- and wavelength-dependent enhancement factor of the LR(%), fir(RH, /), is expressed with:
fir(RH, 2) = Frrassfirary X (1 — RH)Y®, )

where firary is equal to fir(RH =0, 1), the LR(1) enhancement factor at 0% RH and is forced through 1. y(1) denotes the

wavelength--dependent fitting exponent.

s
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Figure 9:6;, Mie-based RH-dependent LR(2) enhancement factor fLr(RH, 4) calculated with the airborne in-situ PNSD derived<
with ACTOS plotted for the three lidar wavelengths (dashed line). Symbols representsrepresent, the investigated flights, colors
the_considered, wavelength, and the shaded area around the standard error of the fit. In comparison, the estimates for the

continental aerosol of Ackermann (1998) and Zhao et al. (2017) for North China Plain (NCP) aerosol translated into the lidar

The estimated fir(RH, 1) for the four investigated measurement flights (17b, 26a, 28a, 28b) is displayed in Figure
9-and-Fable-3Fiqure 6, and Table 3 shows the corresponding fitting parameters with the standard errors of the fit. Note that
the "dried state" LR(1) wasis calculated for aerosol with some residue water; because the sampled aerosol was never
completely dry. The RH measured after the dryer was at most 48.3% on flight 20150617b and reached a maximum of 35.8%
on the other days. In the Mie-model, the aerosol particles in the dried state wereare treated as completely dry. However, the
growth in the size of the aerosol particles at this RH level is small (around 10%)%), and the bias on the LR() enhancement
estimates should be neghgiblenegligibly small._Zieger et al. (2013) have shown the scattering enhancement due to

hygroscopic growth for different European sites. In all but marine air-mass-influenced cases, no hysteresis effect has been

observed at Melpitz, and they stated that these might occur due to high fractions of low hygroscopic organic material. Hence,

the effects of the aerosol efflorescence can be neglected since the volume fraction of the organic material within the aerosol

population was relatively large during the summer campaign period. A mean volume fraction of 0.58 (median=0.59, IQR

from 0.47 to 0.69) was estimated based on the chemical composition and assumed material densities within the period of
June 1 and June 30, 2015.

The LR(4) enhancement factor shows a clear dependence on the ambient RH with an expected enhancement factor

of around one at low RH. The observed trend follows the results reported by Ackermann (1998) (solid lines in Figure
9)Figure 6) for continental aerosol but with larger quantities, especially at larger RH. Alse,-theThe aerosol sampled in this
study resttedresults in aan LR(Z) enhancement factor of up to 3.7 at532-nm-and-up-te-(2.4-, 2.2) at 532 nm (1064- nm-{,
355- nm) at 93.7% RH. The power series representation of Ackermann (1998}), however, resulted in aan f r(355 nm) of 1.6,
fLr(532 nm) of 1.73, and fLr(1064 nm) of 1.71 at 99% RH. With the approach of Zhao et al. (2017) we get an fir(532 nm)
of 2.4 at 99% RH.

fur(RH, 355 nm) and fir(RH, 1064 nm) behave simitarsimilarly. The calculated LR enhancements ef-each-day
follow the overall trend but the data points of flight 20150617b, indicated filled circles, have-shewnshow a positive offset
to the fitting-fit-function. A predominant aerosol type aton that day, which wasmight be different tefrom the other shown

days, is assumed to be the reason effor a different LR(4) enhancement factor behavior.
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y(532 nm) is significantsignificantly larger than (355 nm) and y(1064 nm), respectively. The data- points sampled
under ambient conditions of 60% to 80% RH are overrepresented in the fit. Furthermore, Mie calculations (settings:
fuesc = 0.03, x = 0.3, T = 20°C, core-shell mixture), conducted on the basis of the PNSD measured at Melpitz Observatory
during June 26, 2015, have-shewnshow that in this RH range, the LR(532 nm) gets more enhanced than the LR(1064 nm) or
LR(355 nm) and might be a typical feature of the predominant aerosol or results from the model constraints. Similarly, in
the results of Ackermann (1998)), the LR-to-RH dependence for continental aerosol was not following the exponential curve
perfectly. Also, LR(4) for marine aerosol is more enhanced at this RH range as-reported-bythan Ackermann (1998)—Fhe)
reported. Therefore, the fit for 532 nm at this RH range;-therefere; might wasbe over-weighted, which might ledlead to an

overestimation of (532 nm). Also, at 355 nm Ackermann (1998) has shown a decreasing LR(355 nm) above 90% RH-which

We-CotHahRot+-0bSer/e—+Hth ey ecadsSe—-o+a-Sha AUHRBEr0 ases-and-the-observesE-rangs Wthh we COU|d not

observe in this study solely based on the small number of cases and the observed RH range. The observations follow a trend

similar to the reported parameterization of Zhao et al. (2017) but with a different magnitude. Although the LR-enhancement

was derived similarly, differences can occur because they normalized their observations to RHo = 40%. Also, they used data

based on PNSD recorded in the North China Plain (NCP) and a different approach of the aerosol mixing state utilizing a

mixture of internally and externally mixed aerosol with a fraction of 51% externally mixed BC.

The results are opposed to the findings of Takamura and Sasano (1987), showing a negative correlation of LR(4)
and RH at 355 nm and a smalslight dependence of the LR(4) on the RH at larger wavelengths. FhisThe opposing finding
might be caused by their different analysis approach since Takamura and Sasano (1987) used PNSDs inferred from angular
light scattering measurements of a polar Nephelometer, including more uncertainty-increasing processing steps. Also, their
Mie calculations wereare based on PNSD estimates at different RH levels with assumed homogeneously mixed aerosol
particles with an effective complex refractive index at the ambient state. Contrary, our investigations_are based on
hygroscopic growth simulations and a core-shell mixing approach. Furthermore, the limited covered size- range of the
aerosol particle hygroscopicity might intredueesintroduce some bias in our results since the x(Dp) estimates above 265 nm
are maybe too large or too small, which would have an impact on the Mie-model results, especially on ausc, which is more
sensitive to the complex aerosol refractive index than gex(A).

Nevertheless, the presented results provide geedreasonable first estimates of the RH-induced LR(4) enhancement<«-

factor based on in-situ measured PNSD for the observed RH range-_for the aerosol conditions at Melpitz. Although

Ackermann (1998),) already; has shown the LR-to-RH dependence for three different aerosol types (marine, continental,
dessertdesert dust), future research should collect more data to provide fir(RH, 1) with the corresponding y(1) estimates,
including-a separation into different aerosol types.

Future research should investigate the impact of the mixing-state and hygroscopic growth factor representation
within the Mie-model on the lidar ratio enhancement factor-as-wel. Also, one should investigate the impact of RH-dependent

LR within the Fernald-Klett retrieval.

Table 3:3;, Overview of the fitting parameter of the LR(4) enhancement factor. The standard error of fit is marked with brackets.
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4.2 MelCol-winter

Data representing another season with different atmospheric conditions was collected and is evaluated for the<

winter of 2017. Exemplarily, the data of two measurement days within winter 2017 is discussed in the following.
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055  4.2.1 Optical closure of Mie-model and lidar during MelCol-winter “

Aerosol Particle Light Absorption

During winter, two balloon launches duringat different levels of peHutienspollution were conducted. This part<

focuses on the evaluation of the model with airborne in-situ measurements in a dried state. The corresponding atmospheric
conditions are shown. The findings provide insights to, e.g., evaluate cans(X) derived from lidar with similar setups.
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Figure 11:7: Panel a);, 20-m layer averages of the ambient; and post dryer RH,and T (first-panel);a). Panel b); the aerosol particle<// [ Formatiert: Schriftart: 9 Pt., Fett
number concentration measured by the OPSS (Norss);) and the ratio of the standard deviation of the mean and the mean itself |, [ Formatiert: Schriftart: 9 Pt., Fett
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(oext(M)-forth-paneh);))  and absorption coefficients (sabs(M)-Sixth-paneh-are-shewn:)), Mean values are calculated for the period /// { Formatiert: Schriftart: 9 Pt., Fett
11:20-11:58 UTC on February 9, 2017. Shaded areas in the sixth-panel f) represent the standard deviation of the mean. Shaded ’ { Formatiert: Schriftart: 9 Pt., Fett
areas around the lidar-based coefficients indicate the assumed 10% uncertainty of ebsc(2) and the range of possible eext(2) following =~ [ F tiert: Schriftart: 9 Pt.. Fett
1070 the given range of Mattis et al. (2004). Fhe-fifth-panelPanel e) displays the LR(4) derived with the Mie--model (dots with a range ormatiert: Schriftart: o 1€
bar from min to max) and the reference of Mattis et al. (2004) with its respective uncertainty range displayed with dashed lines. [ Formatiert: Schriftart: 9 Pt., Fett
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Figure-L1Fiqure 7a) displays the vertical distribution of 20-m averages of the ambient RH (blue line), post-dryer
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RH (light blue line), and T (red line) measured on February 9, 2017, between 11:20 and 11:58 UTC (first-panely;a)), the
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same time window of the averaged lidar profiles. Fhis-measurement-day-wascharacterized-by-aA very sharp inversion
whiehcharacterizes this measurement day that the balloon wascould not eapable-te-aseentascend through. Below, the
atmosphere was in a well-mixed state indicated by a ratherrelatively constant potential temperature of around 270 K and a
stable Nopss (second-panel)-Figure 7b)). Nopss was-varying-in-the-range-ofvaries between 180 cm™ to 220 cm™ within the
lowermost 300 m above ground, followed tp-by a steady decrease to around 160 cm towards 450 m-attitude—Panel-three.
Figure 7c) and feurFigure 7d) display the modeled and lidar-based opsc(}) and cext(A).

Figure-12Figure 8 displays the vertically resolved atmospheric parameters alse-shown in Figure-+iFigure 7 but
for March 9, 2020, between 13:30 and 14:09 UTC. Compared to February 9, March 9 wasis characterized by a much lower

atmospheric aerosol load within the PBL indicated by an almost three times lower Nopss. The measurement flight during
this day could profile the atmosphere up to an altitude of around 1080 m, and hence the entire planetary boundary layer was
covered. The top of the PBL was-reachingreached an altitude of around 750 m, indicated by the temperature inversion at

this height (see Figure-12-first-panel)-Figure 8a)).
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JFigure 12:8; Corresponding to Figure-+1Figure 7,for the period 13:30-14:09 UTC on March 9.

The profiles of the Mie-modeled and measured cans(A) in the dried state conducted on February 9 and March 9,
2017, are shown in the-tast-panel f) of Figure-tiFigure 7 and Figure-12:Figure 8. The linear fit and the corresponding

fittings are displayed in Figure-13;-Figure-14;Figure 9¢), Figure 10c), fitting parameters are given in Fable-4.Table 4.
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On February 9 between 11:00 and 12:00 UTC and March 9 between 13:00- and 15:00 UTC, the MAAP on the
ground measured a mean cas(637 nm) of 21.2 Mm™ and 1.46 Mm™, respectively (Figure—1i(Figure 7f) and Figure
12:Figure 8f); black dot-panel-6) which was 7.1% smaller and 12.9% and-15-2%tewerlarger than the average oans(624 nm)
measured by the STAP within the lowermost 200 m above ground (2422.8 Mm™, 1.3 Mm™*-.7-Mm™).

The spectral behavior of the aas(1).can be described with the absorption Angstrém exponent AAE:

k’(w) Inin (“ubs(’lﬂ)
AAE%;‘;Q\TWE;(A 1) = — e
B ’ Az vz Inln GJ) :

The AAEstap(624 nm, 450 nm) was 1.6764 + 0.2402 on average within the lowermost 700 m on February 9; and wasis

(10)

A

slightly larger than the daily mean AAEag33(660,450 nm) of 1.49 (+0.08 standard deviation of the mean) derived from
parallel conducted, spectrally resolved, cans(h) measurements of an Aethalometer at Melpitz (model AE33; Magee Scientific,
Magee Scientific, Berkeley, CA, USA). For March 9, 2017, we could not compare the AAE since the AE33 was
stoppingstopped its measurements on February 22, 2017. The comparison of the AAEsrap(624 nm, 450 nm) with
AAEaE33(660,450 nm) and of oans stap(624 nm) with the MAAP indicatedindicate a gooddecent representation of the cans(L)
derived by the STAP. Fhe-cemparison-ofComparing the measurements of the MAAP and AE33 in the period between
February 4 and February 22, 2017, revealedreveal a dependence of Gans agas(635 NM) = 1.27 Gapsmaar(637 Nm).

As shown in Figure-3bFigure S4b), in the winter period, the Mie-model simulatedsimulates on average around 8%
larger 6ans(637 nm) than measured by the MAAP. For the airborne measurements, the assumptions within the Mie-model to

derive oaps(A)_in the dried state ledlead to a 3126.8 (£1.5%), 24-7{+17%)and—1320.2 (+1.7%) and 7.6 (+1.9%)

underestimation at 450 nm, 525 nm, and 624 nm respectively on February 9- (see Figure 9c) and 7f)) and indicates a spectral

dependence. On March 9, 2017, a 32-3788-92% overestimation of the airborne measured cans(A) Was observed (see Figure
~Figure 14:-correspondingprofiles-in-Figure 11-and-Figure —Fhisindicates-a-spectral-dependenee-Figure 10c) Figure

At_the ground, the Mie-simulation based on the aerosol microphysical measurements ealeulatedcalculates a
oans Mie(630 Nm) on February 9 (March 9}), which wasis 12.8% (103%) larger than measured by the MAAP at 637 nm. The
assumptions within the model-whe-led, which lead to the overestimation of the ground-based oans(}) estimates-propagated,

also propagate into the airborne modeling. An overestimation of 103% indicates aerosol conditions during March 9, which
could-not-be-captured-by-the model- cannot capture. For instance, the estimated MAC(637 nm), which indirectly leads to the
eBC volume fraction used within the model, eetld-have-beenis maybe too small as-a+esuit-ef-due to probably too small mec
measurements. However, we eensideredconsider EC as eBC, which esuld-have-ted-te-can also introduce some bias in the
MAC(637 nm) estimate-as-well. In particular, on February 9, a MAC(637 nm) of 10.9 m? g'* wasis derived;; on March 9, a
small MAC(637 nm) of 6.6 m? g, Fhe—time-series—ofOn March 10, the MAC(637-_nm) estimates—are—displayed—in
Appendixfigure-Lestimate is almost as double as on March 9 and indicates a transition to another aerosol mass during that

day (see Appendixfigure 1).

Zanatta et al. (2018) and Yuan et al. (2020), e.g., have shown that the mixing of BC is an important parameter<-
influencing directhy-the value of the MAC())-) directly. They reported MAC(Z) for pure externally mixed BC aerosol
particles. For Melpitz, during the winter period of this study and applying an AAE of 1, the MAC(870 nm) of 5.8 m?g*
reported by Yuan et al. (2020) translates into 7.9 m?g™ at 637 nm. With an AAE of 1, modeled MAC(550 nm) for pure BC
particles reported by Zanatta et al. (2018)translate) translates into very small 3.5 m? g* to 5.7 m? g at 637 nm depending
on the particle size. Nevertheless, the MAC(637 nm) on February 9-¢eineided coincide with the estimates of Yuan et al.
(2020). Therefore, on February 9, 2017, cansmie(624 nm) and cans stap(624 nm) agree reasonably well within £3:27.6% since

a MAC estimated at 637 nm represents 624 nm reasonably well.
The core-shell mixing representation within the model wasdoes not appticableapply to the aerosol on March 9;

because a MAC(637 nm) is in the range of the estimates of Yuan et al. (2020) and Zanatta et al. (2018) indicatesindicate an
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external mixture rather than an internal core-shell mixture. The larger MAC(637 nm) on February 9, on the other, hand
suggestsuggests a good representation of the mixing state of the prevalent aerosol.

The AAE can explain the spectral dependence of the-over—and-underestimation-for both days-can-be-explained-with<
the-AAE:. Within the lowermost 700 m above ground, a median AAEwie(624 nm, 450 nm) of 0.94 wasis found; on February
9; and ef-1.05 on March 9, respectively. The corresponding median AAEstap(624 nm, 450 nm) of 1.6465 on February 9; and
of 1.2608 on March 9; clearly indicated a significant amount of BrC aerosol particles, according to Zhang et al. (2020). The
AAE of BC is near unity at visible and near-infrared wavelengths (e.g., Kirchstetter and Thatcher, 2012) but-alseand can go
as high as 1.6 when BC is coated with a transparent material as-stated—by—(Cappa and Lack—{, 2010). The values of
AAEwie(624 m, 450 nm) of around 1 agree with these findings. AAEstap on both days; and AAEagss on February 9
indicatedindicates the presence of BrC. BrC contributes less to the absorption at near-infrared wavelengths withand shows
an increasing contribution to the aerosol particle light absorption towards UV wavelengths (e.g-., Kim et al., 2020-ar¢; Sun
et al., 2007). The daily mean volume fraction of organic material detected by the Q-ACSM on February 9 wasis 45.1%%,
peaking at around 50% during the flight time. On March 9, during flight time, a volume fraction of 34.4% wasis found with
values as small as 17% in the morning hours. The small volume fraction (March 9) hadhas less of an impact on the Mie-
model and fedleads to the smaHersmall spectral dependence of the overestimation. The larger volume fraction on February
9, on the other hand, indicatedindicates a large content of BrC and hence a larger spectral dependence of the deviation.

To summarize, for March 9, it is more likely that a combination of the aerosol mixing representation within the
model as-wel-asand the possibly too small MAC(637 nm) led to the overestimation by the model rather than the missing
BrC. An overlap over measurement and model uncertainties is achieved in a maximum of 10 % of the cases. For February
9, the agreement within 13-28% at 624 nm indicatedindicates that the MAC(637 nm) representedrepresents the prevalent
aerosol within a satisfying range;; the missing BrC content within the model-hewever; resulted intein a larger spread in the

underestimation. The mixing approach within the model seemed to have better represented the aerosol present on February
9. The fraction of overlapping uncertainties is 0.95 for 624 nm, 0.54 for 525 nm, and 0.14 for 450 nm.

In conclusion, that-future-studieswhen used for, e.q., the validation of lidar-based aerosol particle light absorption

estimates, one should a) consider the mixing state of the aerosol or-at-least include this in the uncertainty analysis, and b)
should include BrC with a spectral resolved MAC(4).

Aerosol particle light backscattering and extinction coefficient

Besides-the-in-depth-view-on-the-eas(x)-alse-aThe comparison of the lidar estimates of the-opsc(h) and Gex(L)was+

with the modeled values is conducted and is shown below.
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are up to 30.5 (£1.8)%-(at-1064-nmy lower than those derived based on the lidar measurements with a mean underestimation

o JC U e JU JC J U )

170 JFigure 13:9; Optical coefficients derived with the Mie—model (ambient for extinction a) and backscattering; b); dry for [Formatiert: Schriftart: 9 Pt., Fett
absorp_tion_)Q__)‘based on t.he _data from February 9 plotted againsF the coefficients deri\_/ed with lidar and _STAP, respectively. The [ Formatiert: Schriftart: 9 Pt., Fett
black line indicates the 1:1 line,and colors represent the respective wavelengths. Horizontal error bars indicate the uncertainty
range of the lidar estimates for backscattering; and extinction;; for measured absorption, they represent the standard deviation \ {Formatiert: Schriftart: 9 Pt., Fett
of the mean. Vertical error barsindicatebars indicate three times the standard deviation of the mean in the case of the Mie-model. \ { Formatiert: Schriftart: 9 Pt., Fett
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The onse(A) and cex(A) are displayed in panels threec) and fourd) of Figure-2iFigure 7 and Figure-12Figure 8 for %:::::::: zz::::: Z :" :z

February 9, and March 9, 2017. Fhe-Dots represent the Mie-modeled coefficients are-represented-by-dots-with the three-- [Formatiert: Schriftart 9 P, Feft

times standard deviation of the mean of the Mie-calculation, the lidarestimates-as-lines with-thein corresponding eselercolors [ Formatiert: Schriftart: 9 Pt., Fett
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180  PaneleneFigure 9a) and twe-ofFigure-139b), 10a) and Figure-1410b) display the correlation of the modeled and measured [ Formatiert: Schriftart: 9 Pt., Fett
obse(A) and ceu(r) shown in Figure—1iFiqure 7c) and Figure12{panel-three7d) and four—in-eachFigure 8c) and 8d), ( Formatiert: Schriftart: 9 Pt Fett
correspondingly. The linear fit estimates, the corresponding standard error of fit, and correlation coefficients are given in “"rmatiem Schriftart: 9 Pt., Fett
Fable-4.Table 4. Note that the shown fit of Figure-13-(Figure-14)Fiqure 9 (Figure 10) is forced through the coordinate %:::::::: zz::::z z 2 :z
origin, which artificially enhances the coefficient of determination R?. The fits have-beenare forced through zero since a) [Formatiert: Schriftart: 9 Pt,, Fett

1185  the range of the values of the observed optical coefficients was small and b) because both model and measurements rely on [ Formatiert: Schriftart: Fett
the present aerosol, and if no aerosol is prevalent both, model and observation; should be zero. Therefore, results of R2
should be considered with care.
For February 9, ever-al-considered all wavelengths; and field-of-view configurations of the lidar, the model results
agreedagree with the measured apsc(1) Within 21.2% to-37-8%(21-2%-at 1064- nm to 37.8% at 523-532nm. At 1064 nm:-R?
190  elose-to-t-inal-cases) with-the- measured-ens()—Fhe, the modeled e..(x)-wereaerosol particle light extinction coefficients
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of 18.3 (+0.8)%. Fhe-approach-ofAn overlap of the uncertainties is achieved at 355 nm in 25% of the cases and 37%

considering the near-field channel. At 532 nm, no overlap is achieved. Due to the small number of cases, the 100% overlap
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at 1064 has to be considered with care. However, the modeled extinction agrees with the lidar-based estimates in 100% of

1195  the cases considering overlapping uncertainty ranges but is, on average, 18 to 30% smaller.

We only can speculate about the underlying reasons. First, correcting the lower aerosol particles with the altitude

correction factor might underestimatedunderestimate the aerosol particle number concentration of particles up to 300 nm.
-Mie-theory—particlesParticles with about the same size efas the incoming radiation wavelength are most efficient in
scattering. In the study of Virkkula et al. (2011), aerosol particles in the range of 100-1000 nm eentributedcontribute most
1200 to the aerosol particle light scattering at 550 nm. Therefore, at 355 nm, an artificial under-sampling of the aerosol particles
up to 300 nm in diameter induced by the altitude correction factor could have—ledlead to an—underestimation
taunderestimating the modeled aerosol particle light scattering and thus extinction. Also, the Mie-model;-as-wel-as and the
refractive index correction of the OPSS; did not consider asphericatnon-spherical particles-which-ceuld-have-led, leading to
a bias induced by the underlying PNSD. Also, the wavelength-independent complex aerosol refractive index and probably,

1205 at this time present, non-captured, huge particles, as discussed already in the summer part, could explain some of the

deviations. However, all modeled gex(d) were-withinmatch the range of-the aerosol particle light extinction coefficients [Formatiert: Schriftart: Kursiv

calculated with the minimum and maximum LR(Z) provided by Mattis et al. (2004). [Formatiert: Schriftart: Kursiv

Fhefifth-panelofFigure 21Figure 7e) shows the LR(1) with the range- bars indicating the minimum and maximum<— [ Formatiert: Aufzahlungszeichen

value of the result-oef-the-ambient state Mie--modeling—kike-in-the-summer—cases,—a result. A clear positive connection
1210 between the inerease—of-the-LR(1) and the-inerease—of-the-RH wasis significant:—with—inereasing—RH_in the LR{:)
inereasedsummer cases. Overall, the average LR(Z) in the shown profile wasis 63.8 sr at 355 nm, 69.0 sr at 532 nm, and
37.6 sr at 1064 nm, which wasis in the range of the LR(%) reported by Mattis et al. (2004) except for the LR(532 nm) at
532 nm which was 7.8% larger than the maximum reported LR(532 nm). However, these LR(4) seem reasonable since

Catrall et al. (2005) reported aan LR(550 nm) of around 70 sr for aerosol classified as urban/industrial aerosol, and Omar et
1215 al. (2009) estimated aan LR(532 nm) of 70 sr for aerosol classified as polluted continental and smoke. Considering the origin
of the aerosol (industrial area in south Poland}), these results appear conclusive.

FerConsidering March 9, 2017, the-comparisen-efcomparing the Mie-ealeulationsmodel results with the lidar-
based estimates shewedresults in an underestimation at 1064 nm in backscattering efby about 14% (0.86 + 0.02)-ane-i-).
Thereby an overlap of the uncertainties ranges is achieved in 69% of the ease-efcases. In extinction-ef, the underestimation

1220 is as large as 36% (0.64 £ 0.02), respectively-, with an overlap in 69% of 50 cases. In the case of backscattering, the

underestimation inereasedincreases with a decrease in wavelength ane-indicated(overlap of the uncertainty ranges in 12.5%

of the cases at 355 nm) and indicates that a wavelength-dependent complex refractive index is needed to precisely model

oose(4). Overall the conditions have been relatively clean and were similar to the shown cases of the summer campaign with [Formatiert: Schriftart: Kursiv

roughly the same amount of aerosol particle light absorption. The summer results ef-the-summer-have-shewnshow an [Formatiert: Schriftart: Kursiv

1225  underestimation of the lidar- estimates by the Mie-model with similar slopes of the linear fit-as-wel. The assumption within
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particles; estimated by their chemical composition, or the refractive index for the correction of the OPSS, might have-beerbe

inaccurate. However, using the ZSR-based real part of the complex refractive index of 1.56 during both days cannot explain

the lidar and Mie-model differences. Applying this real part to the data of February 9, the slope of the correlation changes

within absolute values of -0.055 to 0.045 compared to a real part of 1.54.

Nevertheless, most of the modeled gex(d) matchedmatch with the lidar estimates within the range of the LR(%)
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significantis significantly smaller than the lidar estimates, which-indicatedindicating an underestimation of the aerosol k

particle number concentration at this altitude and size- range due-te-an-inaccurate altitude correction factor of the PNSD.
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Fhe-caleulated-LRwmie(4) is-estimates are shown in the-fifth-panel-of Figure12-Figure 8e). Within the planetary
boundary layer, below 608-man altitude_of 600 m, where the ambient RH wasis stable, the LRwuie(4) ithin-agrees
with the estimates of Mattis et al. (2004). At 355 nm, a mean LRwie(355 nm) of 64.2 sr, at 532 nm aan LRwie(532 nm) of
65.7 sr, and at 1064 nm aan LRwmie(1064 nm) of 34.3 sr was calculated, indicating that the aerosol observed here was of type
urban haze. Like in the profile of February 9, 2017, the vertical distribution of the LRwmie(4) eid-feHowfollows the trend of
the ambient RH. The uncertainty of the LRwie(1) estimates inereasedincreases with an increasing standard deviation of the

ambient RH-as-weH.
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Table 4:4; Fitting estimates with its standard error and coefficients of determination (R?) of the linear fits shown in Figure13+ [Formatiert: Schriftart: 9 Pt., Fett ]
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more polluted case, whereas the-in the clean case, the underestimation wasis larger. In the case of gex(4), no spectral trend Formatiert: Schriftart: Kursiv
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refractive index. At 1064 nm, also, the Mie-model results wereare closest to the measured guse(¢). That might be-a-hint; that Formatiert: Schriftart: Kursiv

the-correction-approach-of utilizing an altitude correction factor for the ground in-situ PNSD measurements was-not-able
toecannot reproduce the PNSD aloft of Melpitz, at least in the lower size- ranges. Equivalent to the summer cases, alse-the
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beenbe too small, but also the lidar estimates could have-beenbe too large, especially in the extinction where the LR(4) is

subject to a-targean extensive uncertainty range.
The wnderlayingunderlying reasons are speculative, and many parameters within the model can be varied.
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5 Summary and Conclusion e

This study presentedpresents the comparison of lidar estimates of opse(X) and cex(h) with airborne in-situ<
measurement-based modeled ones and examines the effect of the RH to the aerosol particle light extinction-to-backscatter
ratio. Also, it evaluatedevaluates modeled cans(A) with measured airborne-measured ones in a dried state to determine
whether the presented model can be utilized to evaluate lidar-based aerosol particle light absorption estimates. For this
purpose, the results of two field campaigns earried-eut-near Melpitz conducted in the summer of 2015 and February/March;

2017, covering different states of aerosol load,-were and atmospheric conditions, are utilized. H-the-two-campaigns,tweTwo
different airborne systems were deployed in the two campaigns to carry out in-situ aerosol ir-sitt—measurements

complemented by a set of state-of-the--art ground-based in-situ instrumentation as-wel-as-byand a polarization Raman-lidar
system directly measuring the aerosol particle light backscattering coefficient at three wavelengths. In this study, a height-
constant LR(1) wasis utilized to derive aerosol particle light extinction profiles from aerosol particle light backscattering
profiles derived by the lidar system.

The in-situ measurements wereare used to calculate aerosol optical properties using Mie-theory. A core-shell
mixture of the aerosol particles wasis assumed. The chemical composition of the aerosol particles measured on the ground
wasis set constant everfor all considered particle sizes and wasis assumed to be representative for all altitudes above ground.
The model validation under dry conditions eenfirmedconfirms the underlying assumptions with modeled values by matching
the in-situ measurements within 18%. An additional module of the Mie-model ealeutatedcalculates the aerosol optical
properties in the ambient state utilizing a hygroscopic growth simulation based on the Kappa-Koéhler theory. In both
campaigns, the airborne-based PNSD wasis extended with height-extrapolated ground-based in-situ PNSD measurements.
Ambient state Mie-model results and lidar measurements wereare compared with each other. trAverage over the summer
easeconsidered cases, the Mie-model ealeulatedcalculates aerosol optical coefficients up to 32% lower than the lidar
estimatesin-the-winter-eampaign-they-for the summer. The best agreement was found for 532 nm within 3.4 to 32.6%. The
model results have been up to 42% lower—_for the winter. The best agreement within 14% at 1064 nm was found for a

relatively polluted, which is within the reported range of uncertainty.

In both;-the-summer-and-winter-campaign_campaigns, a spectral dependence in the slope of the linear fit of the
modeled and measured gusc(A) #asis observed, whereas in gex(4) not. Fhis-agreesThe results agree with findings of previous
studies whewhich have shown that gex()) (majorfractionis-esea(x)-iS less sensitive to the complex aerosol refractive index
than guse(A) and is more driven by the PNSD. The results wereare promising; since the gusc(r) especially requires a-very

precisean exact determination of the aerosol state in terms of PNSD and chemical composition (refractive index and mixing
state)—) and considering that many aerosol optical parameters at once are compared

measurements. In the more polluted case, the Mie-model derivedderives up to 3227% lower gans(4) With the best agreement
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at 624 nm wavelength, and a-shewedshows a distinct spectral dependence of the agreement. n-the-cleanerease,the-The
Mie-model ealeutatedcalculates up to 37%factor two larger gans() with a small spectral dependence- in the cleaner case. The

results indicatedindicate that the mixing- state of the aerosol, the wavelength-dependent complex refractive index of the
aerosol compounds, as-weH-asand the BrC content, must be accurately represented by the model to match the measured

Pose(f) within a narrow uncertainty-range.

Formatiert:

Schriftart: Kursiv

Formatiert:

Schriftart: Kursiv

Formatiert:

Schriftart: Kursiv

Formatiert:

Einzug: Erste Zeile: 1.25 cm

Formatiert:

Schriftart: Kursiv

Formatiert:

Schriftart: Kursiv

Utilizing a height-constant LR(%) is widely applied to determine gex(l) from guse(2) and within the Fernald-Kletts

retrieval. The modeled LR(%) shown here are in the range of LR(%) estimates presented by previous studies for different
aerosol types. In both campaigns, the Mie-model ambient state calculations, however, revealed a dependence of the -LR(%)
to the ambient RH and resulted in a RH and wavelength-dependent LR(4) enhancement factor expressed with the term:
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fir(RH,2) = f,x(RH = 0,1) x (1 — RH)™Y®, with f,,(RH = 0,1) forced through Zone. Estimates of y(2) wereare
derived based on the summer campaign data- set.

Various reasons that can lead to a disagreement between lidar and modeling are identified, and the overview

provides a valuable source set of suggestion for future campaigns planning with a focus on comparing in-situ and remote

sensing results.
In conclusion: «

a) Conducting elesurecomparison studies of aerosol optical-aereset properties requires a precise determination of the<

aerosol mixing state, its composition, the inclusion of BrC, and the application of a wavelength-dependent complex
refractive index.

b) Airborne in-situ measurements of, e.g-., the aerosol chemical composition, including the BrC content, would
provide-tmprovements-insuchimprove studies and-weuld-aHowto-validate-focusing on the validation of lidar-based

c) A wide range of aerosol particle sizes wasis covered withinin this study. However, the modeled

average lower than the measured one. A much further extension of the observed aerosol particle size- range beyond
10 pm would ensure that this parameter would not cause sueh-ana significant underestimation based on the-finding
ofthe-De Leeuw and Lamberts (1987).

d) Knowing the connection between RH and the LR(Z), the LR(Z) enhancement factor-wouldcan be a usefutvaluable
tool to estimate the LR(4) at ambient state; when the dry state LR(2) is known. Also, it allows te-ealeutatecalculating
back the LR(Z) in the dry state, when the LR(}) is directly measured in ambient state and a RH profile is known,

e.g-by., radio soundings.
e) However, long-term measurements must be conducted to verify the LR(}) enhancement estimates for various

aerosol-types as-wel-asand different seasons.
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Appendixtable £:1;, Density p and hygroscopicity parameter & of the aerosol compounds to derive the volume fraction of each
compound. Densities following ®Lin et al. (2013) and references therein (Tang, 1996; Chazette and Louisse, 2001; Sloane, 1986; .
330 Haynes, 2011; Seinfeld and Pandis, 2006; Eichler et al., 2008), “Moteki et al. (2010),”Kreidenweis et al. (2008) and references
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