
 

Dear Ali Omar, 

First, we would like to thank you for your efforts and valuable feedback, which helped us improve the 

quality of the paper. In the following, we address your major comments (shown in grey) point by point, 

with our response formatted in black. Text additions or alterations to the manuscript are shown in 

blue. Minor comments (such as typos etc.) have been corrected in the revised manuscript, but are not 

explicitly addressed here.  

▷ The paper by Floutsi et al. presents measurements of three key intensive parameters derived from 

lidar measurements at several ground-based stations. The paper is important because it compiles 

measurements of different types of aerosols by ground-based lidar that can be used to provide a 

universal basis for classifying aerosols and thus improving the retrieval of other parameters such 

as extinction from lidar measurements. These are particularly useful for determining the aerosol 

type so that the extinction can be calculated from backscatter measurements that typically need 

to assume a lidar ratio based on the type of aerosol. The identification of the aerosol type is 

important for radiation since the radiative transfer depends on the extinction. Though not 

acknowledged in the paper, aerosol type is important for air quality since the impact on human 

health depends on the composition of the particles ingested. The paper is well written and easy 

to follow though I found several areas that could benefit from some clarification and in some cases 

errors and typos which I will try to address below.  

As well noticed, in the paper we had not acknowledged the impacts of aerosols on human health. We 

have included the following statement (now in lines 22-23): “Apart from the impact on the 

environment, aerosols impact human health as well, and, therefore, aerosol typing is necessary for air 

quality monitoring and assessment (Fuzzi et al., 2015).” 

▷ The abstract and introduction are generally well written and comprehensive with the following 

minor typos  

Line 11 - emitted smoke into the stratosphere showing significant significantly different optical 

properties  

Line 13 - The paper contains the currently most up-to-date comprehensive…  

Line 70 “automized” is not an English word. Please write “automated” instead and replace 

“automized” throughout the document  

Line 102 – The HETEAC paper by Wandinger et al is now in AMTD and is beyond “in preparation”. 

Please update citation  

Line 117 different locations throughout over many years. 

All typos were corrected as suggested and the references have been updated accordingly.  

▷ Line 157 Does the statement “The near-range telescope allows the detection of scattered light (at 

355, 387, 532 and 607 nm) from an altitude of around 60–80 m above ground level (AGL)” refer 

to the overlap height between the laser beam and the receiver field of view of a lidar system, the 

so-called overlap distance? Please clarify. 

Thank you for raising a point that needs further clarification. Indeed, the statement refers to the 

range-dependent overlap between the laser beam and the receiver field of view, which generally is 

different for every lidar system. However, the overlap characteristics in most Polly systems do not 



 

change significantly due to the standard/fixed optical setup. In some cases, the overlap might be 

affected by temperature fluctuations and therefore the lower altitude might vary, as stated in the 

manuscript.  

The text (now in lines 203-205) has been revised to: “A second near-range receiver allows the 

detection of scattered light (at 355, 387, 532 and 607 nm) from a lower altitude of around 60–80 m 

above ground level (AGL) due to the laser-beam overlap with the receiving telescope.” 

▷ Line 158 - Is the maximum height the same for all wavelengths? 

The statement in line 158 (“The uppermost detection height for the vertical profiles is around 20 km 

AGL.”) was inaccurate, thank you for bringing this up. The lidar signals of our PollyXT systems are 

recorded up to 46 km. This is wavelength independent. Nevertheless, depending on the instrument 

performance (laser power, background light, etc.) the maximum height of useful signal varies, but is 

usually at least up to 20 km. In rare events (e.g., Australian wildfires), we have observed aerosol layers 

up to 30 km (Ohneiser et al., 2022). We have rephrased the corresponding statement to (now in lines 

205-207): “The lidar signals are recorded up to 46 km, but depending on the instrument performance 

(laser power, background light, etc.) the maximum height of useful signal varies, usually reaching at 

least up to 20 km.” 

▷ Line 164 – Please define the particle linear depolarization using equations to avoid ambiguity 

Thank you for your comment. To avoid ambiguity we have now added a new section (now in lines 130-

175), where we describe the intensive optical properties used for DeLiAn along with the corresponding 

equations. In particular, the particle linear depolarization ratio is discussed in lines 149-164. 

▷ Line 174 – You use Tab. instead of Table. Please use Table throughout the paper. 

The whole manuscript has been updated with respect to this comment, thank you. 

▷ Table 1. For each aerosol type please specify the values obtained by each measurement 

individually. This will help the reader to understand the variability between different 

measurements for each type of aerosol. For example, for ash provide the values obtained Groß et 

al. (2012), Sicard et al. (2012), Kanitz (2012) separately along with the number of measurements 

that were used to calculate the respective mean values and standard deviations. 

Thank you for this comment. We understand the necessity for clearly presenting each and every 

measurement used for each aerosol type. However, that would require reporting each measurement 

for a total of seven parameters (lidar ratio and particle linear depolarization ratio at two wavelengths 

and the Ångström exponent for three wavelength pairs) along with the respective observational 

errors. The number of individual measurements that would need to be listed per aerosol category is 

provided in Table B1 (stated in line 523 of the updated manuscript). Reporting every single 

measurement would create a very busy table that would eventually lose its functionality. DeLiAn is 

now publicly available on Zenodo (https://doi.org/10.5281/zenodo.7751752).  

▷ Please present an overview of the types before presenting Table 1. For example how do you define 

Ash – is it only the silicon quartz mineral content of volcanic eruptions or does it also include 

sulfuric acid droplets? The composition determines the aerosol properties. While I understand it 

is difficult to know the composition precisely, you can offer a theory based on the intensive 

properties and the location of the eruption. This is also why it is important to itemize Table 1 

provide the location and campaign for each of the measurements 

https://doi.org/10.5281/zenodo.7751752


 

Volcanic eruptions typically produce a mixture of ash particles (such as volcanic glass and minerals) 

and volcanic gases (such as sulphur dioxide and carbon dioxide) among others (e.g., hydrogen, 

hydrochloric acid, etc.). The bigger in size particles, due to their mass, typically fall out quite fast while 

smaller in size particles (such as sulfate aerosol) have a higher residence time in the atmosphere. The 

sulfate particles form from the precursor gases only after several days. As stated in your comment, it 

is difficult to know the exact composition without an in-situ chemical analysis, nevertheless, we would 

like to comment on the measurements that have been selected for DeLiAn. The observations were 

made in fresh volcanic plumes (a few days after the eruption). All the included measurements have a 

particle linear depolarization higher than 34% (355 nm). These values can only be associated with 

mineral or glass particles (non-spherical) and not sulfuric acid droplets or any other hygroscopic 

species that may attach to the ash particles and make them more spherical. For clarity, we have 

rephrased the text (now in line 350): “The volcanic ash category contains measurements of fresh 

mineral particles from the Eyjafjallajökull eruption…”. In addition, the location of the measurements 

is included in the published data collection (https://doi.org/10.5281/zenodo.7751752). 

▷ Also discuss why the intensive properties are invariant with wavelength for smoke but not for 

stratospheric smoke. Is this true for all campaigns? Can you offer a theory why? Why is the 532 

nm lidar ratio for stratospheric smoke so high? 

This is a great comment, thank you for bringing it up. The negligible wavelength dependence of the 

lidar ratio is a signature of fresh smoke particles. This has been observed in several field campaigns 

(e.g., in Amazonia (Baars et al., 2012), in Cabo Verde (Tesche, 2011)). On the contrary, aged smoke 

exhibits a strong spectral dependency of the backscatter coefficient and at the same time a weak 

spectral dependency of the extinction coefficient. Consequently, the 355-nm lidar ratio is considerably 

lower compared to the one at 532 nm (Müller et al., 2005, Ansmann et al., 2009). The typical deviation 

between the 355 and 532-nm lidar ratio is around 20 sr (Haarig et al., 2018; Ohneiser et al., 2021). 

DeLiAn’s broader smoke category includes both measurements from fresh and aged smoke. For that 

reason, we have carefully revised the respective phrasing in the manuscript to include information on 

the age of the smoke particles (see now lines 395-417).  

In the case of stratospheric smoke, the spectral behaviour of the lidar ratio is similar to the one of 

aged (tropospheric) smoke, i.e., it increases with wavelength.  

▷ In Table 2 what are the ± values. As in Table 1, please provide values from individual campaigns 

for each type/wavelength . Also provide an equation definition AE 

The ± values reported in Table 2 correspond to the mean observational error for every aerosol 

category. For clarity, we have updated the table captions for both Tables 1 and 2. For the individual 

AE measurements please refer to the published collection (https://doi.org/10.5281/zenodo.7751752). 

In addition, we have also have described and defined the Ångström exponent (now in lines 165-175). 

▷ Figures 2 and 3 are interesting and do have quite a bit of utility but not in the current form. This 

is because it's difficult to extract quantitative information from the figures. If I was to use this 

figure to develop an aerosol typing algorithm that uses the intensive properties presented, I could 

not because the figure is quite busy. I suggest finding a way to present these results quantitatively. 

Also, the figures do not present which is the better measure to use for typing the different aerosol 

types. I would imagine the 532 nm-based relations (Fig 3) are better for the larger particles such 

as dust and they sold whereas the 355 nm-based relations (Fig 2) are better for fine particles such 

as smoke and pollution. However, this is just speculation on my part and can be easily verified or 

https://doi.org/10.5281/zenodo.7751752
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discounted by a quantitative measure of for example how wide are the clusters as denoted by the 

standard deviation oh how far apart are they median values mean values of the different types 

depicted. 

Thank you for your suggestion. We are aware that indeed, Figures 2 and 3 are very busy, especially for 

the 355-nm, however, the Figures are meant only to be a visual representation of DeLiAn. To be 

honest, we tried several different ways to visualize the data before deciding to show those two Figures 

in the manuscript. In this paper, we aim to present DeLiAn and this is just an initial version as stated 

in the outlook, more observations and more aerosol categories are to be added. In the long term, it 

will definitely be impossible to find a way to adequately visualize all the information. To obtain 

quantitative information one can use the data collection itself 

(https://doi.org/10.5281/zenodo.7751752); it’s not necessary at all to extract any data from the 

Figures. 

▷ Line 340 – Please present the frequency of the measurements instead writing “...were rare at the 

time ...” 

With this phrase, we only aim to convey a simple message: that measurements of particle linear 

depolarization ratio were usually performed at 532 nm and the EUCAARI campaign provided one of 

the first datasets of particle linear depolarization ratio at 355 nm. Unfortunately, we do not have any 

quantitative information on the number of measurements performed and, therefore, we cannot 

report any frequency of measurements here. Nevertheless, we have rephrased the statement (now in 

lines 397-400) to: “At the time of the campaign, measurements of lidar ratio and particle linear 

depolarization ratio were usually conducted at 532 nm, while measurements at 355 nm (especially of 

particle linear depolarization ratio) were only occasionally performed (depicted with faded 

black/purple circles in Fig. 2).” 

▷ Line 344 – You mean data base (instead of data basis)? 

Thank you, we meant data collection and it has been rephrased (now in line 405). 

▷ Line 361 – Provide a theory why stratospheric smoke has high depolarization – speculation that 

can be verified or discounted by others is useful to move these studies forward. 

We have rephrased the lines 421-425 of the updated manuscript (“In contrast to tropospheric smoke, 

which contains mainly spherical particles, stratospheric smoke consists of consists of non-spherical 

soot particles, yielding high depolarization ratios…”). Furthermore, we have included a new statement 

(now in lines 425-426): “The enhanced depolarization ratios, along with the characteristic lidar ratio 

wavelength dependence of the stratospheric smoke were recently modeled by Gialitaki et al. (2020).” 

▷ Line 369 – You write “This is a significant finding, as aerosol particles in the stratosphere were 

usually attributed to volcanic origin (or e.g., generically classified as “stratospheric features” This 

is no longer true in the latest version of CALIPSO (see Tackett et al in AMTD - 

https://amt.copernicus.org/preprints/amt-2022-289/) 

If you want to keep this sentence, at least qualify it by writing “depolarizing aerosol particles in 

the stratosphere” 

Thank you for bringing this up, you are right. We have updated the statement (now in line 432). For 

clarity, we have also included the following statement (now in lines 433-435): “However, the 

classification of stratospheric smoke layers during night time appears to be improved after the 

https://doi.org/10.5281/zenodo.7751752


 

introduction of the CALIPSO version 4.5 stratospheric aerosol subtyping algorithm (Tackett et al., 

2023).” 

▷ Line 380 – What is the frequency of relative humidity less the 45% in the marine environment so 

that the reader can appreciate the probability of crystallized seasalt? 

Thank you for this comment. Observing dried marine aerosol is complex. Based on our PollyXT 

observations, dried marine aerosol in marine environments can be found usually during the summer 

months, on the top of the boundary layer, in the transition zone to the dry free troposphere, forming 

a geometrically thin layer of only a few meters in height (~100 m) (Bohlmann et al., 2018). As stated 

in the manuscript, measurements of this particular aerosol type are sparse, but the frequency of 

observing a relative humidity of less than 45% in a marine environment is not known, due to the lack 

of humidity measurements itself. Typical relative humidity values in the marine boundary layer are 

around 80% (Haarig et al., 2017). In a recent study (Thomas et al., 2022), the variation of the marine 

aerosol properties (over the Southern Ocean) was investigated with respect to various meteorological 

conditions, including relative humidity. Based on CALIPSO vertically resolved aerosol properties, it was 

shown that the particle linear depolarization ratio is sensitive to relative humidity (see Figure 2 of the 

respective paper). It was shown that marine aerosol particles in the marine boundary layer exhibit 

higher particle linear depolarization ratio values when the relative humidity drops below 60%. The 

vertical structure of the particle linear depolarization ratio below and above 60% is nicely 

demonstrated in Figure 9.  

We have reworked the dried marine section of the manuscript in order to emphasize the rarity and 

importance of this peculiar aerosol type for aerosol typing applications. To be precise, the following 

sentence has been updated (now in lines 458-462): “The optical properties of aerosol of marine origin 

do not show variability with respect to the source, since they are usually observed in environments of 

high relative humidity (typically 60–80%) and the particles have a spherical shape due to water uptake 

(Haarig et al., 2017b; Thomas et al., 2022). However, in more rare cases, when …” 

▷ What is the optical depth of the Central European Background aerosol? Is the extinction so low 

that the effect of a higher lidar ratio is not significant because the impact on radiation is very low? 

If the optical depths of these background layers are consistently lower than 0.05 then we may not 

need to pay so much attention to them.  

Thank you for raising this point. In DeLiAn, the Central European background aerosol measurements 

come from stations that are located in the designated geographical location during periods when no 

advection of aerosol takes place and particles are confined within the planetary boundary layer, 

exhibiting an aerosol optical thickness of less than 0.2. Even though the lidar ratio of the Central 

European background is higher than the one of Pollution (at both wavelengths), based on the error 

bars and the low number of samples in the Central European background category (especially at 532 

nm, see Table B1), it is safe to assume that the findings are not statistically significant and that more 

measurements of this specific aerosol category are needed.  

We have carefully edited the text describing the Central European background (now in lines 473-483). 

▷ Please use the latest CALIPSO publications for your comparisons with CALIPSO. In particular 

Tackett et al. above can be a great resource.  

We have updated Figure 8 according to the values reported in Tackett et al., 2023. In addition, we 

have revised all the corresponding text in Section 3.2 accordingly.  



 

▷ Line 476 To get a better appreciation of the radiative effects of different aerosol types and 

subtypes it might help to look at variabilities in the single scattering albedo and asymmetry 

parameter in addition to the extinction properties. 

While this is an excellent idea, the single scattering albedo and the asymmetry parameter are 

quantities that we cannot directly retrieve with our lidars. However, in Wandinger et al., 2022, in 

EGUsphere (https://doi.org/10.5194/egusphere-2022-1241) we provide the respective microphysical 

model to estimate the radiative properties of different aerosol types based on DeLiAn. 

 

In addition to the comments addressed, we would like to inform you about the following changes in 

the manuscript: 

 New section 2.1 now describes the intensive optical properties 

 Section 2.2.3: parts of the description have been updated and others omitted for clarity 

 Figure 1: updated background Earth map  

 The name of Cabo Verde has been corrected (was Cape Verde) 

 Figures A1 and A2 have been reworked to increase readability  

 Data availability statement 

https://doi.org/10.5194/egusphere-2022-1241


 

Dear reviewer,  

We would like to thank you for carefully reading the manuscript and providing useful feedback to 

improve the paper. In the following, we address the major comments (shown in grey) point by point, 

with our response formatted in black. Text additions or alterations to the manuscript are shown in 

blue. 

▷ Although such information might be available in the publications referenced, the authors should 

provide a comment, how they define from the measurement conditions an aerosol type as pure. 

Do they consider only the location of the site or they use also other tools such as trajectories or 

models? 

Thank you for pointing out the need for further clarification. When we refer to pure aerosol types, we 

refer to the observation of single aerosol types such as marine, smoke, pollution, or dust. Therefore, 

an aerosol mixture can never be considered as a pure aerosol type. 

Even though primarily the optical properties are the major criterion for typing, several parameters are 

taken into account when it comes to aerosol characterization, including the meteorology (backward 

trajectories), location and altitude of the aerosol plume, advection, connection with e.g., a big event 

such as a volcanic eruption or wildfires, etc. 

We have included a new statement in the revised version of the manuscript (now lines 226-232): 

“Along with the determination of the intensive optical properties, which play a crucial role in the 

categorization of the observed particles, other tools such as e.g., backtrajectories are also widely 

considered. Trajectory and particle dispersion models (e.g., HYSPLIT, FLEXPART; Stein et al., 2015; 

Pisso et al., 2019) provide valuable information about the source, the distance traveled and the 

destination of an air-mass for a specific transport time (simulation performed either backward or 

forward in time). Recently, an automated air-mass source attribution tool, which combines backward 

trajectories (or particle positions from a dispersion model) with geographical information (land cover 

classification), TRACE (Radenz et al., 2021b), was developed at TROPOS.” 

▷ Do the authors consider the ageing of the observed aerosols as a parameter for the typing (this 

was found in previous studies to be crucial especially for smoke)? A relevant comment should be 

added in the discussion. 

This is a very good point. In the current version of DeLiAn we do not consider further classification 

based on the aging of the aerosol. For instance, the broader smoke category includes both 

measurements from fresh and aged smoke. However, we have revised the “Smoke” paragraph 

carefully and now it provides more information with respect to the age of the smoke particles (see 

now lines 395-417).  

▷ It is confusing, as written, how the authors distinguish “pollution” type and “central European 

background”. More or less for both categories they use measurements from the same stations. 

They should provide a comment, why in certain cases they consider an observation as 

representative for pollution and why as background. 

Thank you for your comment. Indeed, the “Pollution” and “Central European background” aerosol 

categories are optically similar and the measurements “share” stations. For instance, in Leipzig, we 

observed both aerosol types. However, a measurement is considered as representative for Central 

European background when the following criteria are met: station located in the indicated 

geographical location, no advection takes place and the aerosol layers must be confined to the 



 

planetary boundary layer and exhibit an aerosol optical thickness of less than 0.2. For clarity, we have 

updated the text “Central European background” category (now in lines 476-480): “An aerosol layer 

must follow certain criteria to be categorized as Central European background aerosol, which include 

the absence of advection of aerosol, the confinement of the particles within the planetary boundary 

layer and an optical thickness of less than 0.2. In this way, both Central European background and 

Pollution categories can be separated, even though they both contain mainly aerosol of anthropogenic 

origin.” 

▷ The authors group separately mixtures of different aerosol types, especially dust with smoke, dust 

with pollution and dust with marine. They should provide more details how they define an aerosol 

scene as a mixture. To my understanding they average all relevant scenes in order to provide a 

representative value for a certain mixture. Does the mixing ratio of the pure types involved play a 

role in the typing and do the authors claim that this ratio is not significantly different from location 

to location? 

Thank you for bringing this up. Indeed, lofted layers carrying desert dust are subject to long-range 

transport and, therefore, mixtures of dust with other aerosol types are dominating.  

An aerosol layer is considered a mixture first and foremost based on the intensive optical properties 

and the information known from the literature. However, this is not the only source of information 

that helps the correct assignment of an observation to an aerosol type. Tools such as trajectory and 

aerosol dispersion models are very effective in the correct characterization of the observed particles 

as they provide information of the source, altitude and distance that an air mass travelled prior to the 

observation. For clarity, we have updated the manuscript (now in lines 485-488): “Apart from pure 

aerosol types, aerosol mixtures of dust particles with smoke, pollution and marine particles have been 

considered in DeLiAn. The determination of the main aerosol types present in an aerosol mixture 

(performed by the authors of the respective studies) was based on combined information on the 

intensive optical properties of the aerosol layers and air-mass analysis with the help of trajectory or 

particle dispersion modelling.” With respect to DeLiAn, indeed, we average all the available known 

mixtures to provide representative values for the intensive properties (Table 1). The individual 

observations are visualized in Figures 2 and 3 and the data collection is publicly available via Zenodo 

(https://doi.org/10.5281/zenodo.7751752). The mixing ratio of the pure types, especially the dust 

contribution, plays a role in the observed aerosol properties. For instance, dust and marine mixtures 

with higher contributions of dust exhibit significantly higher values of particle linear depolarization 

ratio compared to those with lower dust contributions (note the wide spread of the dust and marine 

category in Figures 2 and 3), regardless of the observation location. This effect is also nicely visualized 

in Figure 7 of Wandinger et al., 2022, in EGUsphere (https://doi.org/10.5194/egusphere-2022-1241), 

where an aerosol microphysical model is being described based on the DeLiAn observations.  

 

In addition to the comments addressed, we would like to inform you about the following changes in 

the manuscript: 

 New section 2.1 now describes the intensive optical properties 

 Section 2.2.3: parts of the description have been updated and others omitted for clarity 

 Figure 1: updated background Earth map  

 The name of Cabo Verde has been corrected (was Cape Verde) 

 Figures A1 and A2 have been reworked to increase readability  

 Data availability statement 

https://doi.org/10.5281/zenodo.7751752
https://doi.org/10.5194/egusphere-2022-1241
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Abstract. This paper presents a collection of lidar-derived aerosol intensive optical properties for several aerosol types, namely

the particle linear depolarization ratio, the extinction-to-backscatter ratio (lidar ratio) and the Ångström exponent. The data col-

lection, named DeLiAn, is based on globally distributed, long-term, ground-based, multiwavelength, Raman and polarisation

lidar measurements, conducted mainly with lidars that have been developed at the Leibniz Institute for Tropospheric Research.

The intensive optical properties are presented at two wavelengths, 355 and 532 nm, for 13 aerosol categories. The categories5

cover the basic aerosol types (i.e., marine, pollution, continental European background, volcanic ash, smoke, mineral dust) as

well as the most frequently observed mixtures they form. This extensive collection also incorporates more peculiar aerosol

categories, including dried marine aerosol that, compared to marine aerosol, exhibits a significantly enhanced depolarization

ratio (up to 15 %). Besides Saharan dust, additional mineral dust types related to their source region were identified due to their

lower lidar ratios (Central Asian and Middle Eastern dust). In addition, extreme wildfire events (such as in north America and10

Australia) emitted smoke into the stratosphere showing significantlysignificant different optical properties, i.e., high depolar-
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ization values (up to 25 %), compared to tropospheric smoke. The data collection reflects and underlines the variety of aerosol

mixtures in the atmosphere and can be used for the development of aerosol typing schemes. The paper contains the currently

most up-to-date and comprehensive overview of optical properties from aerosol lidar measurements and, therefore, provides

a solid basis for future aerosol retrievals in the frame of both spaceborne and ground-based lidars. Furthermore, DeLiAn can15

assist the efforts for harmonization of satellite records of aerosol properties performed at different wavelengths.

1 Introduction

Aerosol typing is intertwined with the scientific efforts for the quantification of the direct and indirect aerosol radiative effects,

the identification of the main aerosol sources and the improvement of the aerosol measurements, retrievals and models. All these

efforts have a common baseline: the reduction of the aerosol-induced uncertainties in the Earth’s radiative budget (Boucher20

et al., 2013). The uncertainties are directly linked to the physico-chemical properties and the spatiotemporal variability of the

aerosol particles. Apart from the impact on the environment, aerosols impact human health as well, and, therefore, aerosol

typing is necessary for air quality monitoring and assessment (Fuzzi et al., 2015).

The climate response to aerosols is not only type- but also altitude-dependent and, therefore, the vertical aerosol distribu-

tion is a key factor for the evaluation of the direct aerosol radiative effect (Hansen et al., 1997). Lidars are the only instru-25

ments that can accurately characterize complex aerosol mixtures as they provide information on the optical and microphysical

properties of different aerosol types along with their vertical distribution (Ansmann and Müller, 2005). Lidar-derived inten-

sive optical parameters can be used effectively for aerosol-typing purposes because, in contrast to extensive properties, they

are concentration-independent. The extinction-to-backscatter ratio (lidar ratio), the particle linear depolarization ratio and the

Ångström exponent (backscatter- and extinction-related) reveal information about the size, shape and absorption efficiency of30

the aerosol particles. The combination of different lidar-derived intensive optical properties is proven to be a sophisticated way

for the classification of the different aerosol types and their mixtures (e.g., Sasano and Browell, 1989; Sugimoto et al., 2002;

Ansmann et al., 2002a; Müller et al., 2002, 2003, 2005; Mattis et al., 2002b, 2004; Tesche et al., 2009b, 2011a; Groß et al.,

2011, 2013; Weinzierl et al., 2011; Burton et al., 2012; Papagiannopoulos et al., 2018; Nicolae et al., 2018). Especially the

combination of the particle linear depolarization ratio and the lidar ratio is highly effective for classification purposes, since35

those parameters exhibit the highest discrimination power among the lidar-derived intensive optical parameters (Burton et al.,

2012).

Due to the high capabilities of the lidar instruments with respect to aerosol monitoring and characterization, several lidar

networks have emerged around the globe in the last decades. The Micro-Pulse Lidar Network (MPLNET) of the National

Aeronautics and Space Administration (NASA) has sites mainly across North America (Welton et al., 2002), the Asian Dust40

and Aerosol Lidar Observation Network (AD-Net) is expanding in East Asia (Sugimoto et al., 2014), the Latin-American Lidar

Network (LALINET) over Latin America (Antuña-Marrero et al., 2017) and most parts of Europe are covered by the European

Aerosol Research Lidar Network (EARLINET; Pappalardo et al., 2014). These networks operate different lidar systems and

therefore have different capabilities. For instance, MPLNET is equipped with an elastic-backscatter lidar that operates at
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532 nm. AD-Net is mostly equipped with Raman lidars operational mainly at 532 and 1064 nm. Similarly, EARLINET stations45

are mostly equipped with multiwavelength (355, 532 and 1064 nm) Raman lidars. Elastic lidar systems have limited capabilities

(e.g., with respect to aerosol typing) compared to Raman lidar systems, since two physical quantities, the particle backscatter

and extinction coefficients, need to be determined by one measured quantity, i.e., the elastic lidar return (Ansmann and Müller,

2005). On the other hand, with the Raman lidar method (Ansmann et al., 1992) the backscatter and extinction coefficients can

be determined independently. In addition, spectral information provided by multiwavelength lidars advance aerosol typing and50

can be used to derive microphysical particle properties (via inverse modelling).

Since the 90s, the Leibniz Institute for Tropospheric Research (TROPOS) has conducted extensive research on the topic of

lidar and aerosols. Two complex lidar systems named MARTHA and BERTHA have been developed using several different

lidar-specific techniques (Raman, polarization, multi-wavelength, high-spectral-resolution, etc.) throughout the years. The mo-

bile container-based BERTHA (Althausen et al., 2000) was deployed at several field campaigns since the end of the 1990’s (e.g.,55

LACE98 (Ansmann et al., 2002b), ACE–2 (Ansmann et al., 2002a), INDOEX (Ansmann et al., 2000), COPS (Herold et al.,

2011), SAMUM 1&2 (Ansmann et al., 2011), SALTRACE (Haarig et al., 2017a)), while the lab-based MARTHA (Mattis et al.,

2002a) was used for EARLINET observations (Mattis et al., 2004, 2008) and testing of new methodologies (e.g., Mattis et al.,

2002a; Schmidt et al., 2013; Jimenez et al., 2020a). In parallel, novel data retrieval techniques have been developed and steadily

improved, which are meanwhile state-of-the-art for active aerosol profiling (Ansmann and Müller, 2005), e.g., inversion tech-60

niques (Müller et al., 1998), separation of aerosol components with polarization (POLIPHON, Mamouri and Ansmann, 2016),

automatic and unsupervised data retrievals (e.g., Baars et al., 2008, 2016; D’Amico et al., 2015; Baars and Yin, 2020; Yin

and Baars, 2021). The intensive work on the inversion technique methodology (e.g., Müller et al., 1999a, b, 2000, 2011) led

finally to the conclusion that 3+2 lidars (backscatter coefficient at three wavelengths, extinction coefficient at two wavelengths)

are needed as ideal setup for remote sensing of aerosol microphysical properties – a conclusion which is meanwhile also ap-65

plied in EARLINET and ACTRIS (Aerosol, Clouds and Trace Gases Research Infrastructure). The introduction and intense

use of the polarization technique led to the possibilities to separate dust and non-dust components (Tesche et al., 2011a), fine

and coarse mode of dust (Mamouri and Ansmann, 2014) and even to the retrieval of CCN (Cloud Condensation Nuclei) and

INP (Ice Nucleating Particles) properties (Mamouri and Ansmann, 2015, 2016) – important parameters to investigate aerosol-

cloud-interactions. Also these techniques are meanwhile widely standardized applied in ACTRIS and beyond. Based on the70

experience and expertise gathered in the 90s and with the upcoming need for automatedautomized observations, in 2002, the

first portable, remotely controlled, multiwavelength Raman polarization lidar system (Polly) was developed at TROPOS (Al-

thausen et al., 2009; Engelmann et al., 2016). Since then, more than a dozen lidars of Polly/PollyXT type (more details in

Sect. 2.2; Engelmann et al., 2016) have been constructed and are operating within the framework of a voluntary, scientific

network called PollyNET (Baars et al., 2016). The mobility of PollyXT systems as well as their automated and continuous 24/775

observational capabilities make them ideal for deployment in remote places during measurement campaigns (e.g., the Amazon

(Baars et al., 2012), China (Hänel et al., 2012; Heese et al., 2016), South Africa (Giannakaki et al., 2016), India (Komppula

et al., 2012), and more recently in Cyprus (Ansmann et al., 2019), the Arctic (Engelmann et al., 2021) and Punta Arenas, Chile
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(Radenz et al., 2021a)) and on research vessels, such as Sonne, Meteor (Rittmeister et al., 2017) and Polarstern (Kanitz et al.,

2013a; Bohlmann et al., 2018).80

Lidars have also been successfully deployed in space, aiming to contribute to the scientific efforts for atmospheric measure-

ments on a global scale. For a remarkable duration of 16 years, CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization)

on board NASA’s CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) has measured vertical pro-

files of attenuated backscatter at visible and near-infrared wavelengths, along with depolarization in the visible channel (Winker

et al., 2009). However, as an elastic-backscatter lidar, CALIOP is not able to perform direct extinction measurements. To enable85

the retrieval of the backscatter and extinction coefficients from the attenuated backscatter signals, the lidar ratio needs to be

assumed. Since the lidar ratio depends on the aerosol types present in the atmosphere, an aerosol typing scheme was developed

for CALIPSO (Omar et al., 2005, 2009; Kim et al., 2018).

In 2018, the European Space Agency (ESA) launched the wind lidar mission Aeolus (Stoffelen et al., 2005). The satellite

is equipped with a 355-nm high-spectral-resolution lidar (HSRL), the Atmospheric Laser Doppler Instrument (ALADIN).90

ALADIN is the first wind lidar in space and its HSRL capabilities provide also the first direct-measured extinction profiles

and aerosol optical properties from space, as a spin-off product (Flament et al., 2021), as already successfully demonstrated in

Baars et al. (2021). This is a great step towards the harmonization of multiple satellite instruments, especially with view on the

upcoming Cloud, Aerosol and Radiation Explorer (EarthCARE) joint mission of ESA and the Japanese Aerospace Exploration

Agency (JAXA), scheduled for launch in 2023.95

EarthCARE’s payload consists of four instruments: an ATmospheric LIDar (ATLID), a Cloud Profiling Radar (CPR), a

Multi-Spectral Imager (MSI) and a Broad-Band Radiometer (BBR) (Illingworth et al., 2015). ATLID is a 355-nm HSRL that

will provide direct cloud and aerosol profile measurements of backscatter and extinction coefficients. Furthermore, ATLID is

able to measure the depolarization ratio of the atmospheric particles – an ideal parameter for aerosol typing – as well as ice

particle characteristics (Illingworth et al., 2015; do Carmo et al., 2021). The primary goal of EarthCARE is radiative closure,100

which is aimed to be achieved in a synergistic approach from the two active and two passive instruments. One key element for

this goal is a proper aerosol typing scheme, to calculate the aerosol’s radiative properties. For this purpose, the Hybrid End-

To-End Aerosol Classification (HETEAC) model has been developed (Wandinger et al., 2016a, 2022)(Wandinger et al. 2016a,

Wandinger et al. in preparation). As the name indicates, the HETEAC model delivers the required theoretical description of

aerosol microphysics that is consistent with experimentally derived optical properties (hybrid approach) to close the loop from105

observations and aerosol microphysics to radiative properties (end-to-end approach).

It is evident that global, vertically resolved observations from ground-based and spaceborne lidars need to be harmonized

(i.e., spectral harmonization). The harmonization of, e.g., lidar-derived intensive optical properties would improve the consis-

tency of the lidar data obtained by different lidar systems, and would allow for comprehensive studies on the statistical relations

between those properties. Harmonized datasets of intensive optical parameters would not only lead to the creation of robust110

aerosol typing algorithms, but would also improve already existing ones.

Given the need for development and improvement of aerosol typing schemes, such as HETEAC, and data harmonization

among lidar networks (i.e., MPLNET, AD-Net, LALINET, EARLINET, PollyNET) and satellites (e.g., CALIPSO, Earth-
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CARE), in this paper, we present an experimental data collection of aerosol-type-dependent optical properties. The optical

properties are the particle linear depolarization ratio, the lidar ratio and the Ångström exponent and, hence, the data collection115

is named DeLiAn. The optical properties have been obtained either by lidar systems that have been developed at TROPOS

(such as MARTHA, BERTHA, PollyXT; more information in Sec.2) or by other accompanying lidar systems (explicitly men-

tioned in Sec.2) during different field campaigns and at different locations overthroughout many years (see TableTab. 1 and

Fig.1). In addition to the well-known aerosol types (such as marine, dust, pollution, etc.), DeLiAn features new findings and

aerosol types (e.g., Central Asian dust (Hofer et al., 2020), dried marine (Haarig et al., 2017b), stratospheric smoke (Haarig120

et al., 2018; Ohneiser et al., 2020)) that were identified during recent measurement campaigns. The aim is to provide additional

knowledge on the intensive aerosol properties for different aerosol types and mixtures, which in turn can be used to constrain

and enhance aerosol retrievals.

In the following section, we briefly present the lidar systems used, information about the data handling, and we provide

an overview of the locations where the relevant lidar systems have been operated. In Section 3, the collection of the lidar-125

derived intensive optical parameters (DeLiAn) is presented and discussed in detail with respect to the different aerosol types

and mixtures. The statistical analysis performed is also presented in the same section along with comparisons between the

optical properties used for the CALIPSO aerosol typing scheme and the respective ground-based ones that were obtained from

the present study. The conclusions and an outlook finalize the paper.

2 Intensive optical properties, instruments, data analysis and sources130

2.1 Intensive optical properties

Multiwavelength polarization Raman lidars emit polarized light at different wavelengths (typically at 355, 532 and 1064 nm)

into the atmosphere. The fraction of the light that gets backscattered by molecules and particles is detected by the instrument’s

receiver with a high temporal resolution. After the appropriate corrections (e.g., background subtraction, temporal averaging,

overlap correction), the retrieved profiles of backscatter (β) and extinction (α) coefficients (typically at 355, 532 and 1064 nm135

for β and 355, 532 nm for α) can be used to calculate the intensive, i.e., concentration-independent, particle optical properties.

These parameters are sensitive to the size, shape and refractive index of the atmospheric particles and therefore can be used

effectively for aerosol characterization (e.g., Ansmann and Müller, 2005; Müller et al., 2007; Freudenthaler et al., 2009; Groß

et al., 2011).

2.1.1 Lidar ratio140

The particle lidar ratio or simply lidar ratio (S), defined as the extinction-to-backscatter ratio,

S =
α

β
, (1)

is a valuable quantity for aerosol characterization. The lidar ratio reveals information regarding the size, shape and the ab-

sorption efficiency of the aerosol particles. The particle size and the lidar ratio are usually inversely related, while the particle
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absorption efficiency and the lidar ratio are directly related (i.e, S increases with particle absorption efficiency). When spherical145

and non-spherical particles have the same size range, the non-spherical ones tend to exhibit higher lidar ratio values (Müller

et al., 2007). However, all these different effects could counterbalance each other, leading to similar lidar ratios for different

aerosol types.

2.1.2 Particle linear depolarization ratio

As mentioned earlier, lidars emit polarized light and during the backscatter process, parts of this light get unpolarized. The150

depolarization ratio (Schotland et al., 1971) usually refers to the ratio of signals measured in the perpendicular and parallel

receiver channels (cross-polarized and co-polarized, respectively). Cross-polarized (⊥) refers to light with a state of polariza-

tion that is perpendicular to the one of the emitted laser light, and co-polarized (∥) refers to light that has the same state of

polarization as the emitted laser light. The linear volume depolarization ratio (δvol) comprises contributions of molecules and

aerosol particles (subscripted as m and p, respectively) and is defined as:155

δvol =
β⊥

β∥ =
β⊥

m +β⊥
p

β
∥
m +β

∥
p

. (2)

The molecules and particles can be considered independently, leading to the molecular (δm) and particle (δp) linear depolariza-

tion ratio, respectively:

δm =
β⊥

m

β
∥
m

, (3)

160

δp =
β⊥

p

β
∥
p

. (4)

The particle linear depolarization ratio (δp or often denoted as δ) is an intensive property of the ensemble of scattering particles

and can be used for aerosol typing because spherical particles do not alter the state of polarization of the emitted light (δp ≈ 0),

while non-spherical particles do (δp > 0).

2.1.3 Ångström exponent165

The Ångström exponent (Å) is a parameter that contains information regarding the spectral dependency of the aerosol optical

properties (Ansmann and Müller, 2005) and can be obtained from, e.g., multiwavelength lidars. An Ångström exponent of zero

denotes wavelength independence of the investigated quantity. The Ångström exponent can be calculated for the backscat-

ter coefficient (β), the extinction coefficient (α) and the lidar ratio (S) when they are available at least for two distinctive

wavelengths λ1 and λ2, respectively:170

Åσλ1/λ2
=−

ln(σλ1

σλ2
)

ln(λ1

λ2
)
, (5)
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where σ an observable (Ansmann et al., 2002a). In general, the extinction-related Ångström exponent is around zero for large

particles, while scattering by small particles exhibits a strong wavelength dependence and causes Å values greater than unity

(Eck et al., 1999). The extinction- and backscatter-related Ångström exponents act as a proxy for the size of the particles and,

thus, a separation between large and small particles can be achieved.175

2.2 Lidar systems

2.2.1 MARTHA

The Multiwavelength Aerosol Raman Lidar for Temperature, Humidity, and Aerosol profiling is a lab-based lidar of TROPOS

that has been used not only for acquiring cloud and aerosol measurements but also for testing new methodologies (Mattis

et al., 2002a; Schmidt et al., 2013; Jimenez et al., 2019, 2020a). MARTHA’s powerful laser together with its large prime mirror180

(80 cm in diameter) makes it ideal for tropospheric and stratospheric aerosol observations, and recently has been upgraded to a

dual-receiver-field-of-view lidar (RFOV; Jimenez et al., 2020b). The operational setup has been steadily changed but covers at

least 3β + 2α + δ (three backscatter coefficients at 355, 532 and 1064 nm, two extinction coefficients at 355, 532 nm and one

depolarization ratio at 532 nm). MARTHA is part of EARLINET/ACTRIS (Pappalardo et al., 2014) but not yet automatized.

2.2.2 BERTHA185

The Backscatter Extinction lidar-Ratio Temperature Humidity profiling Apparatus (BERTHA) is the oldest mobile, container-

based multiwavelength polarization Raman lidar of TROPOS (Althausen et al., 2000). For 25 years, BERTHA has been pro-

viding extensive and intensive aerosol optical properties and has been deployed at numerous field campaigns (most notably

in both the SAMUM and SALTRACE field experiments, more details in Sec. 2.3). Manual operation is needed for this lidar.

A distinctive feature of this lidar system is that since 2012, it enables simultaneous measurements of the depolarization ratio190

at three wavelengths (355, 532 and 1064 nm). In 2015 the setup was extended by the first measurements of the extinction

coefficient at 1064 nm, leading to a 3β + 3α + 3δ setup (three backscatter coefficients, three extinction coefficients and three

depolarization ratios). The system includes a water vapor and a HSRL channel (407 and 532 nm, respectively). For a more

detailed description of the latest setup of the lidar system readers may refer to Haarig et al. (2016, 2017a).

2.2.3 PollyXT lidar systems195

Since the first Polly system (Althausen et al., 2009) was assembled in 2002, more than a dozen lidars of Polly/PollyXT type have

been constructed at TROPOS, with continuous upgrading efforts (Engelmann et al., 2016), and deployed either permanently

or temporarily at measurement campaigns and research vessels (for visualization see the online map at polly.tropos.de, last

access: 20 March 202318 October 2022). Some PollyXT lidars are part of EARLINET/ACTRIS (Pappalardo et al., 2014).

PollyXT Raman lidars emit light at three different wavelengths, 355, 532 and 1064 nm. The lidars are nowadays equipped200

with a far-range receiver that consists of twelve or more channels, which enable measurements of the elastically (355, 532,

1064 nm) and Raman-scattered light (387, 607 nm from nitrogen for aerosol extinction measurements and 407 nm fromfor
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water vapour) and the depolarization state of the backscatter light (at 355 and 532 nm). A second near-range receiverThe

near-range telescope allows the detection of scattered light (at 355, 387, 532 and 607 nm) from a loweran altitude of around

60–80 m above ground level (AGL) due to the laser-beam overlap with the receiving telescope. The lidar signals are recorded205

up to 46 km, but depending on the instrument performance (laser power, background light, etc.) the maximum height of useful

signal varies, usually reaching at least up to 20 km.The uppermost detection height for the vertical profiles is around 20 km

AGL. Data from all channels are acquired with a vertical resolution of 7.5 m and a temporal resolution of 30 s (for more details

refer to Engelmann et al., 2016). The operational setup might vary from instrument to instrument but covers at least 3β + 2α +

2δ (three backscatter coefficients at 355, 532 and 1064 nm, two extinction coefficients at 355, 532 nm and two depolarization210

ratios at 355 and 532 nm).

This setup allows the determination of extensive and intensive aerosol optical properties, which are important quantities for

the monitoring and characterization of the aerosol. The determination of the backscatter coefficient (355, 532 and 1064 nm)

and the extinction coefficient (355 and 532 nm) leads to the lidar ratio and Ångström exponent (Baars et al., 2016). Another

intensive optical property, the particle linear depolarization ratio, defined as the cross-polarized-to-co-polarized backscatter215

ratio (orthogonal and parallel planes of polarization to the plane of linear polarization of the transmitted laser pulses, respectively),

is also determined (Baars et al., 2016). Quality assurance procedures are a key aspect for lidars (e.g., Bravo-Aranda et al. 2016;

Wandinger et al. 2016b; Freudenthaler 2016; Belegante et al. 2018; Freudenthaler et al. 2018). Tand the PollyXT lidar sys-

tems and data processing follows the EARLINET standards even when the lidars are operated at non-stationary sites (e.g., on

research vessels). Near-real-time (NRT) quicklooks can be found at polly.tropos.de (last access: 20 March 202318 October220

2022).

2.3 Lidar data analysis, locations and sources

The data collection presented here comprises various measurements from several locations, an overview is given in Fig. 1. We

have considered data that are already published (layer- and observational-mean values) and added additionally analyzed data

for specific aerosol types. The evaluation of the published lidar data has been performed by the authors of the corresponding225

papers. Along with the determination of the intensive optical properties, which play a crucial role in the categorization of the

observed particles, other tools such as backtrajectories are also widely considered. Trajectory and particle dispersion models

(e.g., HYSPLIT, FLEXPART; Stein et al., 2015; Pisso et al., 2019) provide valuable information about the source, the distance

traveled and the destination of an air-mass for a specific transport time (simulation performed either backward or forward in

time). Recently, an automated air-mass source attribution tool, which combines backward trajectories (or particle positions from230

a dispersion model) with geographical information (land cover classification), TRACE (Radenz et al., 2021b), was developed

at TROPOS. The full list of the respective references can be found in TableTab. 1, while a brief description of the major field

campaigns mentioned in the same table is provided below.

Table 1 provides an overview of all the aerosol types that were considered during the creation of DeLiAn. It corroborates

previous findings and provides new insights regarding aerosol types based on recent measurement campaigns and studies.235
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Table 1. Overview of the lidar-derived optical properties of different aerosol types. The lidar ratio S is expressed in sr and the particle linear

depolarization δ in % (mean values) along with the mean observationalrespective errors. References for each category are given in the right

column. Measurements conducted in a field campaign are indicated with a number at the reference and explained in the footnote of the table,

during a Polarstern or Meteor cruise with a bullet symbol (•), while the rest are from PollyNET/EARLINET stations. Measurements that

were conducted with a non-TROPOS lidar, are accompanied with a star symbol (⋆).

Aerosol type S355 S532 δ355 δ532 Reference

Ash 51± 7.5 48± 7.5 36± 2.3 - Groß et al. (2012)⋆, Sicard et al. (2012), Kanitz (2012)•

Saharan dust 53.5± 7.7 53.1± 7.9 24.4± 2.5 28± 1.3 Groß et al. (2011)⋆,2, Preißler et al. (2011), Kanitz et al. (2013a)•,

Baars et al. (2016), Rittmeister et al. (2017)•, Kaduk (2017)6,

Haarig et al. (2017a)4, Urbanneck (2018)7, Bohlmann et al. (2018)•,

Szczepanik et al. (2021), Haarig et al. (2022)4

Central Asian dust 43.4± 1.9 37.7± 2.1 22.8± 0.8 32.5± 0.7 Hofer et al. (2020)5

Middle Eastern dust 39.5± 6 37.4± 5.3 24.2± 2.3 28.4± 1.6 Müller et al. (2007)1, Kaduk (2017)6,

Urbanneck (2018)7, Filioglou et al. (2020)

Smoke 68.2± 7.4 71.8± 11.1 2.7± 1.3 2.9± 0.6 Müller et al. (2007), Baars (2011)3, Tesche (2011)2,

Pereira et al. (2014), Giannakaki et al. (2016)3, Janicka et al. (2016),

Haarig et al. (2018), Floutsi et al. (2021)8, Ohneiser et al. (2021)9,•

Stratospheric smoke 67.5± 19.3 93.8± 18.1 22.6± 4 17.9± 1.7 Haarig et al. (2018), Ohneiser et al. (2020)8

Dust and smoke 72.1± 7.7 56.3± 6.5 15.7± 2 18.9± 1.4 Groß et al. (2011)⋆,2, Tesche (2011)2, Kanitz et al. (2013a)⋆,•,

Giannakaki et al. (2016)3, Kanitz et al. (2014b)•, Kaduk (2017)6,

Rittmeister et al. (2017)•

Pollution 51.1± 8.7 47.4± 7.4 1.1± 0.3 2.8± 1 Ansmann et al. (2005), Müller et al. (2007), Tesche et al. (2007),

Komppula et al. (2012)3, Preißler et al. (2013), Hänel et al. (2012)3,

Giannakaki et al. (2016)3, Heese et al. (2017), Kaduk (2017)6,

this study (Leipzig)

Dust and pollution 48.5± 9.2 46.4± 8 15.7± 1.7 17.7± 2.5 Leipzig, Germany⋆, Preißler et al. (2013), Janicka et al. (2016),

Kaduk (2017)6, Rittmeister et al. (2017)

Dried marine 28± 6.6 26.9± 10.6 7.5± 1.7 8.3± 1.1 Haarig et al. (2017b)4, Bohlmann et al. (2018)•

Clean marine 22.4± 5.6 21.9± 13.4 1.3± 0.3 1.4± 0.3 Groß et al. (2011)⋆,2, Kaduk (2017)6, Bohlmann et al. (2018)•,

Rittmeister et al. (2017)•

Dust and marine 39.4± 5.6 32± 7.8 14± 1.5 14.7± 1.1 Groß et al. (2011)⋆, Kaduk (2017)6, Bohlmann et al. (2018)•

Rittmeister et al. (2017)•

Central European background 57± 4.7 56.2± 8.3 3.4± 1.8 3.2± 0.1 Leipzig, Germany, Müller et al. (2007), this study (Leipzig)

1INDOEX, 2SAMUM, 3EUCAARI, 4SALTRACE, 5CADEX, 6BACCHUS, 7CyCARE/A-LIFE, 8DACAPO-PESO, 9MOSAiC
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Figure 1. Locations of measurement campaigns (yellow stars) or permanent EARLINET stations (red/blue stars) from which data for the

current study was used. Map source: NASA Earth Observatoryprimap.

Furthermore, the data collection is regularly updated aiming to provide a comprehensive up-to-date collection of the optical

properties of the different aerosol types at the typical lidar wavelengths.

The portable TROPOS lidar systems BERTHA and PollyXT have been deployed at numerous campaigns, research platforms

and locations (Fig. 1). In the following, a brief introduction of major field campaigns and research vessels, where TROPOS

lidars operated, is presented. Measurements from the field campaigns listed below have contributed greatly to the collection240

presented here. Campaigns that contributed to the collection with a few measurements only are not listed here. In addition, the

locations of all the campaigns relevant for this study and permanent measuring stations are indicated in Fig. 1.

2.3.1 Research cruises

Two German Research Vessels (RV), namely Meteor and Polarstern, serve as research platforms where PollyXT lidars have

been deployed. The OCEANET-Atmosphere observatory, which includes a PollyXT lidar among other instruments, has been245

frequently operated aboard Polarstern for the transects from the Northern Hemisphere to the Southern Hemisphere and vice

versa (e.g., Kanitz et al., 2013b; Bohlmann et al., 2018; Yin et al., 2019), as well as in the polar regions (e.g., Griesche

et al., 2020; Engelmann et al., 2021). Pure marine aerosol conditions as well as complex mixtures, typically including sea-salt,

i.e., dust and marine aerosol mixtures, are being observed frequently. Data acquired during the transatlantic ship cruises and

MOSAiC (more about that campaign in Sect. 2.3.9) have contributed greatly to the scientific efforts for aerosol monitoring, by250
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Table 2. Mean values of the extinction- (AE355/532) and backscatter-related (AEb355/532 and AEb532/1064) Ångström exponents along with the

mean observational error for the aerosol categories listed in TableTab. 1.

Aerosol type AE355/532 AEb355/532 AEb532/1064

Ash 0.8± 0.6 0.6± 0.4 1± 0.4

Saharan dust 0.1± 0.2 0.03± 0.08 0.5± 0.1

Central Asian dust 0.2± 0.1 −0.2± 0.03 0.4± 0.01

Middle Eastern dust 0.1± 0.1 0.4± 0.2 0.7± 0.2

Smoke 1.3± 0.3 1.4± 0.1 1.2± 0.1

Stratospheric smoke −0.3± 0.4 1.2± 0.4 1.2± 0.6

Dust and smoke 1.4± 0.2 0.5± 0.1 1± 0.05

Pollution 1.8± 1.4 1.2± 0.7 0.9± 0.5

Dust and pollution 0.7± 0.4 0.3± 0.1 0.9± 0.1

Dried marine 1.1± 1.3 0.6± 0.04 −0.07± 0.07

Clean marine 0.7± 1.3 0.8± 0.1 0.5± 0.1

Dust and marine 0.5± 0.5 0.3± 0.1 0.6± 0.1

Central European background 1.5± 0.2 1.4± 0.2 1.2± 0.2

Table 3. Overview of RV cruises that are relevant for this study. The RV, cruise identification sequence and the corresponding study are

indicated.

RV Cruise ID Reference

Polarstern ANT-XXVI/1, ANT-XXVI/4 and ANT-XXVII/1 Kanitz et al. (2013a)

Polarstern PS95 and PS98 Bohlmann et al. (2018)

Meteor M96 Rittmeister et al. (2017)

Polarstern MOSAiC20192020 Ohneiser et al. (2021)

reaching places where no permanent stations can be established. TableTab. 3 shows the identification sequences for the cruises

relevant to this study.

2.3.2 SAMUM

The Saharan Mineral Dust Experiment (SAMUM) was focused on the investigation of the relationship between chemical

composition, shape morphology, size distribution and optical effects of the dust particles originating from the Saharan desert255

(Ansmann et al., 2011). Two field campaigns were conducted in southern Morocco in 2006 and in CaboCape Verde in 2008

(SAMUM–1 and SAMUM–2, respectively). The combination of the ground-based multiwavelength Raman lidar BERTHA,
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two lidar systems from the University of Munich (the Portable Lidar System POLIS (Groß et al., 2008) and MULIS) and the

airborne HSRL measurements (Falcon-20 research aircraft of the German Aerospace Center, DLR) allowed the profiling of

pure dust optical properties as well as mixed aerosol plumes and provided a unique dataset that has been extensively used for260

radiation closure studies, development of appropriate dust parameterizations for large-scale and regional weather and climate

models and in-situ comparison studies (Tesche et al., 2009a, b, 2011a, b).

2.3.3 EUCAARI campaigns

The European Integrated Project on Aerosol, Cloud, Climate, Air Quality Interactions project (EUCAARI; Kulmala et al.,

2011) was a multidisciplinary project focused on the interactions between climate and air pollution. EUCAARI lasted for three265

years (01.01.2007–31.12.2010) and resulted in comprehensive datasets of aerosol properties from Europe and from four non-

European countries (China, India, Brazil and South Africa). In the present study, measurements from all the aforementioned

countries are included with a specific focus on measurements that were conducted in two EUCAARI campaigns in Amazonia

and South Africa. A PollyXT lidar was deployed for the first time near Manaus, Brazil from January to November 2008. The

long-term lidar observations obtained during that campaign have advanced our knowledge on the vertical aerosol distribution270

of Saharan dust, biomass-burning aerosol (BBA) and their mixtures, which get advected from Africa, and determineprevail the

aerosol conditions of Amazonia (Baars, 2011). In addition, a clear distinction between the prevailing aerosol conditions during

the wet (January – June) and dry season (July – November) was achieved (Baars, 2011). A PollyXT lidar was also operated

in Elandsfontein, South Africa from 30 January 2010 to 31 January 2011. During that period, biomass-burning aerosol from

natural phenomena (lightning) and human-induced activities as well urban and industrial aerosol of anthropogenic origin275

were observed (Giannakaki et al., 2016). Measurements from the EUCAARI stations in China (Hänel et al., 2012) and India

(Komppula et al., 2012) were heavily influenced by pollution-related aerosol. Complex mixtures of aged desert dust, biomass-

burning smoke and industrial pollution were frequently observed.

2.3.4 SALTRACE

The Saharan Aerosol Long-range Transport and Aerosol-Cloud interaction Experiment (SALTRACE) was conducted from280

spring 2013 to summer 2014 at Barbados (Weinzierl et al., 2017). The campaign involved ground-based and airborne in-situ

and remote-sensing observations. The main goal of SALTRACE was the characterization of Saharan dust particles after long-

range transport (Groß et al., 2015; Haarig et al., 2017a) and its interaction with clouds (Haarig et al., 2019), as a follow-on to

the SAMUM field campaign. TROPOS contributed with the deployment of the multiwavelength Raman lidar BERTHA (see

Sect. 2) during the dusty summer conditions and the rather clear marine conditions in winter (Haarig et al., 2017a, b).285

2.3.5 CADEX

The Central Asian Dust Experiment (CADEX; Hofer et al., 2017, 2020) was focused on long-term observations of the op-

tical and microphysical properties of Central Asian mineral dust. It was the first time that ground-based lidar observations
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(performed with a PollyXT system at Dushanbe, Tajikistan) were conducted in Central Asia. CADEX lasted for two years

(2014–2016, measurements conducted between 2015 and 2016) and resulted in major findings on optical properties of Central290

Asian dust, thus, establishing it as a separate aerosol type. In addition, the campaign pointed out the necessity of a permanent

ground-based station in the area, which was later on established as part of EARLINET. It is obvious that campaigns aiming at

monitoring a specific aerosol type, in a specific location where it is found in abundance, are very important in the global efforts

of aerosol-type standardization.

2.3.6 BACCHUS295

BACCHUS (Impact of Biogenic versus Anthropogenic emissions on Clouds and Climate: towards a Holistic UnderStanding)

was an European collaborative project led by ETH Zurich (https://www.bacchus-env.eu/, last access: 20 March 202318 October

2022). In the framework of BACCHUS, a PollyXT lidar system performed measurements in Nicosia, Cyprus in spring 2015.

Pure aerosol types such as dust (Saharan and Middle Eastern), marine, and pollution as well as complex mixtures including

smoke were regularly observed (Kaduk, 2017).300

2.3.7 CyCARE and A-LIFE

The Cyprus Clouds Aerosol and Rain Experiment (CyCARE; Ansmann et al., 2019) took place at Limassol, Cyprus from

October 2016 to March 2018 with main focus on the complex aerosol mixtures, vertical aerosol layering, and their influence on

cloud evolution and precipitation processes. PollyXT, part of the LACROS (Leipzig Aerosol and Cloud Remote Observations

System, the ground-based remote-sensing supersite of TROPOS; Bühl et al., 2013), was deployed at Limassol in 2017. During305

the deployment, the A-LIFE (Absorbing aerosol layers in a changing climate: aging, lifetime and dynamics) campaign took

place (April 2017), which was led by the University of Vienna. A-LIFE aimed to investigate the properties of absorbing aerosol

and in particular those of mineral dust, black carbon and their mixtures (https://www.a-life.at/, last access: 20 March 202318

October 2022). In parallel to the A-LIFE campaign, the PRE-TECT campaign took place at the Greek atmospheric observatory

of Finokalia in Crete, Greece. The campaign was led by the National Observatory of Athens (NOA) and aimed to improve310

the desert dust characterization from remote-sensing measurements. For that reason, the PollyXT lidar system of NOA was

deployed at Finokalia.

2.3.8 DACAPO-PESO

The Dynamics, Aerosol, Clouds, And Precipitation Observations in the Pristine Environment of the Southern Ocean (DACAPO-

PESO) field campaign took place in Punta Arenas, Chile and it was focused on the investigation of cloud formation and aerosol-315

cloud interaction in environments of contrasting aerosol conditions (Radenz et al., 2021a). LACROS (Bühl et al., 2013) was

measuring continuously for a period of three years (2018–2021) and with respect to aerosol, significant lofted aerosol layers

were observed occasionally in the troposphere of Punta Arenas (Floutsi et al., 2021). Furthermore, stratospheric smoke orig-

inating from the record-breaking Australian bushfires in January 2020 was fully captured by the lidar observations (Ohneiser
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et al., 2020). However, the observations confirmed that in the general clean environment of Punta Arenas the aerosol backscat-320

ter is on average more than 30 % below the mean of the backscatter observed in Europe (Limassol and Leipzig) (Radenz et al.,

2021a). In addition, it was found that at Punta Arenas most aerosol is confined in the boundary layer with pristine conditions

dominating aloft (Radenz et al., 2021a).

2.3.9 MOSAiC

During the MOSAiC (Multidisciplinary drifting Observatory for the Study of Arctic Climate) expedition, a PollyXT multi-325

wavelength polarization Raman lidar was operated onboard RV Polarstern from October 2019 to October 2020. For the first

time, PollyXT conducted continuous measurements of aerosols and clouds (up to 30 km altitude) in the central Arctic (Engel-

mann et al., 2021). This unique dataset provided new insights about smoke trapped in the upper troposphere/lower stratosphere

(UTLS) of the High Arctic in the winter of 2019–2020 (Ohneiser et al., 2021) and improved our knowledge on aerosol-cloud

interactions (Engelmann et al., 2021).330

2.3.10 EARLINET stations

Measurements from four permanent EARLINET stations have also significantly contributed to this study. The stations are

mainly located in Europe: Leipzig (Germany), Évora (Portugal) and Warsaw (Poland). Pure aerosol types such as smoke,

Saharan dust and pollution as well as their complex mixtures are frequently observed above the aforementioned stations. A

non-European station located at Dushanbe (Tajikistan; see Sec. 2.3.5) was also considered.335

3 DeLiAn

3.1 Intensive optical properties at 355 and 532 nm

Two intensive aerosol optical properties from the collection of ground-based observations described above (Sec. 2.3), namely

the lidar ratio and the particle linear depolarization ratio at 355 nm, are contrasted against each other for several aerosol types

and mixtures in Fig. 2. The aforementioned intensive properties exhibit the highest discriminatory power (e.g., as demon-340

strated in Burton et al., 2012). The dataset used for the conceptualization of the aerosol-typing-related activities of EarthCARE

(Wandinger et al., 2016a; Illingworth et al., 2015) has been merged with the present dataset and is shown as semi-transparent

symbols. Additionally to the intensive optical properties at 355 nm, in Fig. 3 we present the values for the same aerosol types

at 532 nm. Furthermore, we show the wavelength dependence, i.e., the Ångström exponent contrasted to the lidar ratio and

particle linear depolarization ratio, as presented in Fig. 4. Having the intensive properties at 355 and 532 nm allows not only345

the use of the spectral dependence for typing purposes, but also facilitates the bridging of datasets obtained at one of these

wavelengths only as, e.g., in case of the spaceborne lidars CALIOP (532 nm) and ALADIN and ATLID (355 nm) or in the case

of spaceborne and ground-based lidars (Amiridis et al., 2015).
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Figure 2. Intensive optical properties of different aerosol types, measured at 355 nm. The dataset used for the conceptualization of Earth-

CARE’s typing scheme is shown with faded markers (see Fig. 8 in Illingworth et al., 2015).

Ash

The volcanic ash category contains measurements of fresh mineral particles from the Eyjafjallajökull eruption (April 2010)350

observed atfrom various locations, including Maisach, Germany (faded grey circles in Fig. 2; Groß et al., 2012) with POLIS,

near Bremerhaven, Germany conducted onboard the RV Polarstern (at 532 nm; Kanitz, 2012) and Évora, Portugal (no depo-

larization information available; Sicard et al., 2012). The mean lidar ratio and particle linear depolarization ratio at 355 and

532 nm and the mean Ångström exponents are reported in TableTab. 1 and TableTab. 2, respectively.

Desert dust355

Mineral dust is an important constituent of the atmospheric aerosol load, and in DeLiAn three aerosol categories have been

dedicated for this specific aerosol type. Saharan dust has been targeted in many field campaigns and is the first of the three

aforementioned categories (orange/red rhombuses in Fig. 2). Saharan dust is frequently advected above Europe, and observa-

tions over Portugal (Preißler et al., 2011), Warsaw (Szczepanik et al., 2021) and over Leipzig (Baars et al., 2016) have been

included in the data collection. Long-range transported Saharan dust observed over Barbados during SALTRACE in 2013360

and 2014 was also considered in the collection (Haarig et al., 2017a, 2022). The island of Cyprus, located in the eastern part
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Figure 3. Intensive optical properties of different aerosol types, measured at 532 nm.

of the Mediterranean basin, is frequently affected by Saharan dust plumes and, therefore, dust measurements from Limassol

(CyCARE/A-LIFE; Urbanneck, 2018) and from Nicosia (BACCHUS; Kaduk, 2017) were used. Saharan dust has also been

observed from onboard the RV Polarstern, over the Atlantic Ocean (faded orange/red rhombuses in Fig. 2; Kanitz et al., 2013a)

and near the Canary islands (Bohlmann et al., 2018), as well as from onboard the RV Meteor during a cruise from Guade-365

loupe to CaboCape Verde (Rittmeister et al., 2017). Measurements at 355 nm conducted with POLIS during the SAMUM–2

campaign at CaboCape Verde in 2008 were also considered (faded orange/red rhombuses in Fig. 2; Groß et al., 2011). At the

current state of the experimental data collection, the representative mean lidar ratio and particle linear depolarization values at

355 nm are 53.5±7.7 sr and 24.4±2.5 %, respectively. Optical information at wavelengths beyond EarthCARE’s wavelength

(i.e., 355 nm) are presented in Fig. 3 (532 nm) and the Ångström exponents are shown in Fig. 4. At 532 nm, the mean lidar ratio370

is 53.1±7.9 sr and the mean particle linear depolarization ratio is 28±1.3 %. Mean values of the extinction-related Ångström

exponent are 0.1± 0.2 and the backscatter-related Ångström exponent values at both 355/532 and 532/1064 nm are around

0.03± 0.08 and 0.5± 0.1, respectively (TableTab. 2 and Fig. 4).

In contrast to the findings from the major dust-targeting campaigns, SAMUM–1/2 and SALTRACE, in recent years it was

confirmed that Central Asian dust has different optical properties than Saharan dust. Mineral dust that originates from the375

Central Asian deserts typically exhibits lower lidar ratio values (35–45 sr) than Saharan dust (50–60 sr), as shown by Hofer

et al. (2017) on the basis of long-term observations in Tajikistan and, hence, has been introduced to DeLiAn as a separate
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Figure 4. Mean lidar ratio and particle linear depolarization ratio at (a) 355 nm and (b) 532 nm versus the mean extinction-related Ångström

exponent for the 13 aerosol categories.

aerosol type (green/yellow rhombuses in Fig. 2). The Central Asian dust measurements were conducted in the framework of

the CADEX field campaign at Dushanbe, Tajikistan (Hofer et al., 2017, 2020). Mean lidar ratio values for this aerosol category

are 43.4±1.9 and 37.7±2.1 sr at 355 and 532 nm, respectively. The mean particle linear depolarization ratios are 22.8±0.8 %380

and 32.5±0.7 % at 355 and 532 nm, respectively. Mean values of the extinction-related Ångström exponent are similar to those

of Saharan dust 0.2± 0.1, while the mean backscatter-related Ångström exponent values are −0.2± 0.03% and 0.4± 0.01%

at the wavelength pairs of 355/532 and 532/1064 nm, respectively.

Since the Eastern Mediterranean region has been characterized as a primary climate change “hot spot” (Lelieveld et al.,

2012), atmospheric measurements and campaigns have been intensified over the region. Complex mixtures of desert dust,385

biomass-burning and pollution aerosol are usually encountered. Typically, dust particles observed above that region originate

either from the Sahara or the Middle Eastern deserts. Therefore, in addition to the Saharan and Central Asian Dust categories

we have introduced a new aerosol type: Middle Eastern dust. At the moment, this aerosol category (brown/yellow squares in

Fig. 2) comprises dust originating from Saudi Arabia (Müller et al., 2007) and observed within the framework of the Indian

Ocean Experiment (INDOEX; Ramanathan et al., 2001), from the United Arab Emirates (Filioglou et al., 2020) and mineral390

dust measurements from Cyprus, specifically in Limassol (CyCARE/A-LIFE; Urbanneck, 2018) and in Nicosia (BACCHUS;

Kaduk, 2017). On average, the lidar ratios at 355 and 532 nm are 39.5± 6 sr and 37.4± 5.3 sr and the particle linear depolar-

ization ratios are 24.2±2.3 % and 28.4±1.6 %, respectively. The extinction- and backscatter-related Ångström exponents are

0.1± 0.1, 0.4± 0.2 (355/532 nm) and 0.7± 0.2 (532/1064 nm), respectively.
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Smoke395

The smoke category used for the conceptualization of EarthCARE’s classification approach is based on measurements of

smoke that were conducted during a EUCAARI campaign in the the Amazon Basin in 2008 (Baars et al., 2012). At the

time of the campaign, measurements of lidar ratio and particle linear depolarization ratio were usually conducted at 532 nm,

while measurements at 355 nm (especially of particle linear depolarization ratio) were only occasionally performed (depicted

with faded black/purple circles in Fig. 2).Measurements of lidar ratio and especially particle linear depolarization ratio at400

355 nm were rare at the time of the campaign (depicted with faded black/purple circles in Fig. 2). Since then, 355 nm lidar

measurements have become much more available and, therefore, fresh and aged smoke observations from other locations

and fire types (e.g., smoldering or flaming combustion) have been observed too (depicted by black/purple circles in Fig. 2).

Smoke observations from another EUCAARI campaign, this time from Elandsfontein, South Africa (Giannakaki et al., 2016)

have been included in the data collectionbasis. Similarly, smoke measurements performed in the framework of SAMUM–2 at405

CaboCape Verde (Tesche, 2011) were added. Regional smoke and smoke from Australia was observed in the southern tip of

South America (Punta Arenas, Chile) during the DACAPO-PESO field campaign (Floutsi et al., 2021). Smoke from Siberian

wildfires, which was measured in the Arctic during the MOSAiC campaign, has also been added to the data collection (Ohneiser

et al., 2021), which broadens even further the geographical coverage of the observations of that particular aerosol type. Smoke

has been also observed above Europe frequently; from boreal forest fires in western Canada at Leipzig, Germany (aged, Haarig410

et al., 2018), from Siberia/Canada measured at multiple EARLINET stations (aged, Müller et al., 2007), long-range transported

smoke from North America above Warsaw, Poland (aged, Janicka et al., 2016, 2017) and fresh, locally-produced smoke above

Portugal (Pereira et al., 2014). The 355 nm mean lidar ratio and particle linear depolarization ratio are 68.2± 7.4 sr and

2.7± 1.3 %, respectively. At 532 nm, the mean smoke lidar ratio is 71.8± 11.1 sr and, thus, higher and wider distributed

compared to the 355 nm mean lidar ratio. The mean smoke particle linear depolarization ratio at the same wavelength is415

2.9± 0.6 %. Extinction-related Ångström exponent values are on average around 1.3± 0.3, and backscatter-related Ångström

exponent values are 1.4± 0.1 and 1.2± 0.1 for the wavelength pairs of 355/532 and 532/1064 nm.

Stratospheric smoke

The different properties of smoke in the troposphere and in the stratosphere resulting from Pyrocumulonimbus convection

were not realized before the intense Canadian wildfires of 2017 and were first studied by Haarig et al. (2018) and Ansmann420

et al. (2018) and the event’s long-term evolution over Europe based on EARLINET measurements by Baars et al. (2019). In

contrast to tropospheric smoke, which contains mainly spherical particles, stratospheric smoke consists of non-spherical soot

particles, yieldingis characterized by high depolarization ratios (at both 355 and 532 nm), a feature that was first observed in

an elevated aged smoke layer in the upper troposphere, on the eastern seaboard of the United States, with an HSRL onboard

the NASA B200 aircraft by Burton et al. (2015). The enhanced depolarization ratios, along with the characteristic lidar ratio425

wavelength dependence of the stratospheric smoke were recently modeled by Gialitaki et al. (2020). In this data collection, the

stratospheric smoke category (depicted by black/white circles in Fig. 2) includes the the aforementioned Canadian wildfires
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stratospheric smoke measurements (Haarig et al., 2018) and observations from the record-breaking Australian wildfires of

January 2020 measured at Punta Arenas during DACAPO-PESO (Ohneiser et al., 2020). Mean lidar ratios for this aerosol

category are 67.5± 19.3 sr and 93.8± 18.1 sr at 355 and 532 nm, respectively and, thus, significantly higher, on average, than430

for tropospheric smoke. Mean particle linear depolarization ratios are 22.6±4 % and 17.9±1.7 %. This is a significant finding,

as depolarizing aerosol particles in the stratosphere were usually attributed to volcanic origin (or e.g., generically classified as

“stratospheric features” in the version 3 CALIPSO data; Kim et al., 2018). However, the classification of stratospheric smoke

layers during night time appears to be improved after the introduction of the CALIPSO version 4.5 stratospheric aerosol

subtyping algorithm (Tackett et al., 2023). With these new findings it might be possible to distinguish stratospheric aerosol in435

more detail and new findings may resurface from historic datasets.

Pollution

The pollution category includes measurements that have been conducted in cities of Europe, Asia and Africa. In particular,

the category contains pollution measurements from multiple EARLINET stations in Europe (Müller et al., 2007), including

the urban EARLINET station in Leipzig, from Évora (Preißler et al., 2013), from Nicosia (BACCHUS; Kaduk, 2017), from440

Elandsfontein (EUCAARI; Giannakaki et al., 2016), from China (more specifically at Xinken; Ansmann et al. (2005), at

Beijing; Tesche et al. (2007), at Shangdianzi; Hänel et al. (2012) and at Guangzhou, in the framework of the German project

“Megacities–Megachallenges – Informal Dynamics of Global Change”; Heese et al. (2017)) and from India (Gual Pahari- near

New Dehli; Komppula et al., 2012). The mean 355-nm lidar ratio and particle linear depolarization ratio are 51.1± 8.7 sr and

1.1± 0.3 %, respectively. The corresponding properties for the 532 nm are 47.4± 7.4 sr and 2.8± 1 %. Ångström exponents445

are reported in TableTab. 2 and reflect the small size of the specific aerosol type.

Marine

The clean marine category (depicted with blue/black circles in Fig. 2) contains measurements of marine particles (i.e., sea

salt) that were conducted mostly onboard a RV or at a coastal station. Measurements conducted during two Polarstern cruises

(PS95 from Bremerhaven, Germany to Cape Town, Republic of South Africa and PS98 from Punta Arenas to Bremerhaven;450

Bohlmann et al., 2018), during a Meteor cruise (M96 from Guadeloupe to CaboCape Verde; Rittmeister et al., 2017), at Nicosia,

Cyprus (Kaduk, 2017) as well as at CaboCape Verde (faded blue/black circles in Fig. 2; SAMUM–2; Groß et al., 2011) have

been included to the collection. At 355 nm the mean lidar ratio for this aerosol category is 22.4± 5.6 sr, while the mean

particle linear depolarization ratio is 1.3± 0.3 %. At 532 nm, the mean lidar ratio is 21.9± 13.4 sr and the mean particle

linear depolarization ratio is 1.4± 0.3 %, both indicating a very weak wavelength dependency. Ångström exponent values are455

on average 0.7± 1.3 for the extinction-related, 0.8± 0.1 and 0.5± 0.1 for the backscatter-related (355/532 and 532/1064 nm,

respectively).

TEven though the optical properties of aerosol of marine origin do not show variability with respect to the source, since

they are usually observed in environments of high relative humidity (typically 60–80 %) and the particles have a spherical

shape due to water uptake (Haarig et al., 2017b; Thomas et al., 2022)., However, in more rare cases, when marine particles are460
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exposed to very dry atmospheric conditions, typically with relative humidity lower than 45 %, they adopt a cubic-like shape

due to the sodium chloride contained in the sea salt aerosol (Zieger et al., 2017). The cubic-like shape of the particles causes

significantly higher particle linear depolarization ratios (Haarig et al., 2017b; Bohlmann et al., 2018). This fact was not realized

earlier, e.g., in Illingworth et al. (2015) or in aerosol typing schemes such as the one of CALIPSO (Omar et al., 2005; Kim

et al., 2018) and may have led to misclassification of this specific type, e.g., as mixture containing depolarizing mineral dust465

particles. Therefore, the introduction of the dried marine aerosol as a separate category was essential. The category includes

measurements conducted at Barbados (2014) during SALTRACE (Haarig et al., 2017b), and above the Atlantic Ocean with

RV Polarstern (Bohlmann et al., 2018) and are always observed on top of the local marine boundary layer. Measurements of

dried marine particles are sparse, leading to only three measurements in this category. Therefore, the statistics presented here

should be interpreted with caution. Dried marine particles exhibit on average lidar ratios of 28± 6.6 sr and 26.9± 10.6 sr and470

particle linear depolarization ratios of 7.5± 1.7 % and 8.3± 1.1 % at 355 and 532 nm, respectively. The Ångström exponent

values are presented in TableTab. 2.

Central European background

While optically similar to the pollution aerosol category, the “Central European background” aerosol type has been intro-

duced to the collection, given the plethora of the permanent ground-based stations in the indicated geographical area and its475

resemblance to the more generalized aerosol category of clean continental in the CALIPSO typing scheme. An aerosol layer

must follow certain criteria to be categorized as Central European background aerosol, which include the absence of advection

of aerosol, the confinement of the particles within the planetary boundary layer and an optical thickness of less than 0.2. In

this way, both Central European background and Pollution categories can be separated, even though they both contain mainly

aerosol of anthropogenic origin. The Central European background category (depicted with yellow/green triangles in Fig. 2)480

includes measurements of the background aerosol load in a typical Central European region (background aerosol measure-

ments performed at Leipzig, and from multiple EARLINET stations, as adapted from Müller et al., 2007). Overall, this aerosol

category exhibits slightly higher lidar ratios and particle linear depolarization ratios than pollution (TableTab. 1 and 2).

Mixtures

Apart from pure aerosol types, aerosol mixtures of dust particles with smoke, pollution and marine particles have been consid-485

ered in DeLiAn. The determination of the main aerosol types present in an aerosol mixture (performed by the authors of the

respective studies) was based on combined information on the intensive optical properties of the aerosol layers and air-mass

analysis with the help of trajectory or particle dispersion modelling.

Dust and smoke mixtures from CaboCape Verde (SAMUM–2; Groß et al., 2011) and from measurements above the Atlantic

ocean (RV Polarstern; Kanitz et al., 2013a) served as the starting point for the conceptualization of HETEAC (faded brown490

squares in Fig. –2). Additional measurements from CaboCape Verde (SAMUM–2; Tesche, 2011), from the Atlantic (conducted

while onboard RV Polarstern, near CaboCape Verde and in the Caribbean; Kanitz et al. (2014b), and while onboard RV Meteor;

Rittmeister et al. (2017)), in Elandsfontein (EUCAARI; Giannakaki et al., 2016) and in Nicosia (BACCHUS, Kaduk, 2017)
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were added to the data collection. The mean lidar ratio and particle linear depolarization ratio for dust-and-smoke mixtures

at 355 nm are 72.1± 7.7 sr and 15.7± 2 %, respectively. The same parameters for the newly-added 532-nm wavelength aree495

56.3± 6.5 sr and 18.9± 1.4 %, respectively. Extinction- and backscatter-related Ångström exponents vary with wavelength,

reflecting the versatile particle size range of the mixture (exact values in TableTab. 2).

Mixtures of dust and marine particles (cyan/blue rhombuses in Fig. 2) are frequently observed in the lowermost atmosphere,

especially in coastal stations such as in CaboCape Verde (faded cyan/blue rhombuses in Fig. 2; SAMUM–2; Groß et al.,

2011) and in Nicosia, Cyprus (Kaduk, 2017). Dust and marine mixtures are also frequently observed with the RV Polarstern500

(Bohlmann et al., 2018) and RV Meteor (Rittmeister et al., 2017). The 355 nm mean lidar ratio and particle linear depolarization

ratio are 39.4±5.6 sr and 14±1.5 %, respectively. Accordingly, 32±7.8 sr and 14.7±1.1 % for the 532 nm wavelength. The

mean extinction-related Ångström exponent is 0.5± 0.5 and mean backscatter-related Ångström exponents are 0.3± 0.1 and

0.6± 0.1 for the wavelength pairs of 355/532 and 532/1064 nm, respectively.

Mixtures of dust and pollution (brown/white squares in Fig. 2) have been observed at Évora (Preißler et al., 2013), Warsaw505

(Janicka et al., 2016, 2017), Nicosia (Kaduk, 2017) and while onboard the RV Meteor above the Atlantic Ocean (Rittmeister

et al., 2017). The mean lidar ratios for this category are 48.5± 9.2 sr and 46.4± 8 sr, and particle linear depolarization ratios

are 15.7±1.7 % and 17.7±2.5 % at 355 and 532 nm, respectively. The mean extinction- and backscatter-related (355/532 and

532/1064 nm) Ångström exponents are 0.7± 0.4, 0.3± 0.1 and 0.9± 0.1, respectively.

3.2 Statistical analysis of intensive optical properties510

The main findings of this study are summarized in Fig. 4, which depicts the mean values of lidar ratio and particle linear

depolarization ratio at (a) 355 nm and (b) 532 nm, respectively, against the mean extinction-related Ångström exponent for the

different aerosol categories of TableTab. 1. Incorporating the Ångström exponent as a third dimension results in more distinctive

aerosol categories (in comparison to Fig. 2 and 3). For instance, the “Central European background” aerosol category can be

now clearly distinguished from the pollution category as it exhibits higher extinction-related Ångström exponent values. The515

respective 2D plots, including the backscatter-related Ångström exponents are shown in Appendix A (Fig. A1 and A2).

A statistical analysis of the intensive optical properties was performed for the 13 different aerosol categories. It should be

noted that since the data for each aerosol category have been collected from various sources (see TableTab. 1), they naturally

exhibit a variation in the number of data points per aerosol category. In addition, the measurements were performed by lidar

systems with different capabilities and, therefore, not all intensive optical parameters were always available for all the observa-520

tions (e.g., lidar ratio available only at one wavelength, or information on depolarization completely missing). Nevertheless, all

available measurements were considered for the creation of DeLiAn and the statistical analysis presented here, and the number

of data points used are listed in TableTab. B1. The statistics for the lidar ratio and the particle linear depolarization ratio are

presented in the form of boxplots, in Fig. 5 and Fig. 6 for the 355 nm and 532 nm wavelength, respectively. The statistics for

all the Ångström exponents are presented in Fig. 7. The minimum and maximum values are indicated by the lower and upper525

whisker, while the median and mean values by the red lines and rhombuses, respectively. The lower part of each box indicates
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Figure 5. Statistics of the lidar ratio (top) and the particle linear depolarization ratio (bottom) at 355 nm for the 13 aerosol categories. The

minimum and maximum values are indicated by the lower and upper whisker, median and mean values by the red lines and rhombuses,

respectively. The lower part of each box indicates the 25 % percentile and the upper part the 75 % percentile. Red crosses represent the

outliers.

the 25 % percentile and the upper part the 75 % percentile. Red crosses represent the outliers (values greater than 1.5 times the

interquartile range).

Comparison with CALIPSO aerosol subtypes

Statistics on the aerosol-type-separated optical properties can be used not only for the development of typing schemes, but530

can also consolidate already existing aerosol classification schemes, such as the typing scheme of CALIPSO (Omar et al.,

2009; Kim et al., 2018). In Fig. 8, the lidar ratio (532 nm) assumed for the different aerosol types in the CALIPSO scheme is

contrasted to the observations from the different ground-based lidars (TableTab. 1). The CALIPSO lidar ratios for the different

aerosol subtypes are adapted from TableTab. 2 of Kim et al. (2018) (version 4). The stratospheric aerosol subtypes have been

adapted from the latest version 4.5 (Tackett et al., 2023). The version 4.54 stratospheric aerosol subtypes of “Polar stratospheric535

aerosol”, “Sulfate” and “Unclassified”and “Sulfate/other” are not included in the comparison, as there is no respective category

in DeLiAn yet.
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Figure 6. Same as in Fig. 5, but for 532 nm.

The assumptions of the lidar ratio of several aerosol subtypes appear to be in good agreement with the ground-based obser-

vations, e.g., for “Clean marine” and “Volcanic ash”, mainly due to an overlap in the data sources (Kim et al., 2018). Other

aerosol subtype categories such as “Clean continental”, “Polluted dust”, “Elevated smoke”, “Volcanic ash” and “Dusty marine”540

agree well within the allowed variability, which is rather large for the CALIPSO data. The large variability of the assigned li-

dar ratio values to the aforementioned aerosol subtypes can potentially lead to large uncertainties in the retrieved extinction

profiles. Kanitz et al. (2014a) had shown that for the version 3 CALIPSO data, the surface-dependent aerosol typing was not

allowing for a correct classification of marine aerosol over land, and recently Ansmann et al. (2021) showed that stratospheric

smoke layers are misclassified as sulfate aerosol layers (version 4 CALIPSO data). The updated stratospheric lidar ratios in545

version 4.5 CALIPSO data appear to improve the classification accuracy (Tackett et al., 2023). The present collection could be

therefore utilized to reduce the aerosol-subtype-related variability linked to the 532 nm lidar ratio. Three CALIPSO subtypes

namely “Dust”, “Polluted continental/smoke” and “Smoke” (stratospheric) seem to be problematic with respect to the present

ground-based data collection. “Dust” has a lidar ratio of 44± 9 sr, which is lower than what we observed for Saharan dust and

higher than Central Asian and Middle Eastern dust. An increase of the lidar ratio variability of the specific aerosol subtype or a550

geographical-specific constraint would be therefore suggested to cover all the observations. The “Polluted continental/smoke”

subtype has the highest variability and the nomenclature itself indicates that several aerosol types can be assigned under that
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Figure 7. Statistics of the extinction-related (top), the 355/532 nm backscatter-related (middle) and the 532/1064 nm backscatter-related

(bottom) Ångström exponents for the 13 aerosol categories.

category. With the current allowed variability, this category includes both the Smoke and Pollution categories of the present

study, and is therefore correct. However, we would suggest the splitting of this subtype to allow a better discrimination in

the radiative effects. Finally, the stratospheric smoke observations (see TableTab. 1) suggest that the 532 nm lidar ratio of555

stratospheric smoke is higher than the one considered in the CALIPSO version 4.54 “Smoke” subtype (stratospheric).

4 Conclusions and outlook

A collection of intensive optical properties (DeLiAn) for various aerosol types based mainly on ground-based lidar observations

was presented in this paper. DeLiAn merges measurements from old and more recent campaigns (large temporal coverage) and

from various locations (large spatial coverage), and brings together aerosol types that were previously disregarded (e.g., dried560

marine particles, stratospheric smoke). The optical properties are presented at two wavelengths, 355 and 532 nm, and therefore,

can be widely used for aerosol typing purposes, covering spaceborne lidars (CALIOP, ATLID) and ground-based lidar networks

(e.g., MPLNET, EARLINET, AD-NET).

The presented statistics cover the most frequently observed aerosol types i.e., smoke, marine, pollution, dust and complex

mixtures that they create as well as occasionally observed aerosol types e.g., dried marine particles. Such statistics can have565
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Figure 8. Comparison of the 532 nm lidar ratio as derived from ground-based lidars (white circles; this study) and from the CALIPSO

aerosol subtypes (black rhombuses; Kim et al., 2018). The newest CALIPSO data version (4.5) was used for the stratospheric aerosol

subtypes (Tackett et al., 2023).

multiple usages and are needed for aerosol classification purposes and aerosol typing schemes since they can be utilized as

thresholds separating the different aerosol categories, or as a priori information. DeLiAn has been used for the development

of both HETEAC (Wandinger et al., 2016a, 2022)(Wandinger et al. 2016a, Wandinger et al. in preparation) and HETEAC-

Flex, a novel aerosol typing approach (Floutsi et al., 2019, Floutsi et al., in preparation), which shall homogenize aerosol

typing from EarthCARE but also ground-based lidar systems with different capabilities and it will serve as a ground-based570

validation scheme for EarthCARE. The data collection of the different intensive optical properties can also be used for further

improvement of already-existing aerosol classification schemes, for instance as shown in the case of CALIPSO, where more

accurate lidar ratios can lead to better extinction retrievals. Thus, DeLiAn could be considered by the MIRA (Models, In situ,

and Remote sensing of Aerosols) working group in their efforts for the creation of an updated CALIPSO lidar ratio climatology

(version 5; Schuster et al., 2022).575

The presented data collection is only the beginning of a bigger effort for creating an aerosol climatology of intensive optical

properties based on ground-based lidar measurements. Measurements from other permanent PollyNET stations are planned to

be incorporated in DeLiAn to include geographical regions with interesting aerosol conditions which are currently underrepre-

sented. For instance, measurements from the Eastern Mediterranean region would significantly enrich many aerosol categories

such as marine, pollution, dust and their complex mixtures. Heese et al. (2022) recently presented a 2-year long lidar dataset580
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from the coastal city of Haifa, Israel. It was found that most of the observed aerosol layers were aerosol mixtures. Even though

a seasonal air-mass source attribution was performed by the authors using TRACE (Radenz et al., 2021b), a more detailed

case-by-case air-mass source attribution needs to be performed before the data are included to the data collection.

Data from recent measurement campaigns are also planned to be included in DeLiAn, after data collection and processing

is complete. Since the beginning of the ASKOS experiment (Amiridis and the ASKOS team, 2022) in the summer of 2021, a585

PollyXT Raman lidar has been fully operational in Mindelo, CaboCape Verde. Clean marine, mineral dust as well as complex

mixtures that they form have been observed regularly. Dried marine particles have also been observed often, typically on the

top of the marine boundary layer.

In a recent study, Haarig et al. (2022) provided the first-ever lidar measurements of the lidar ratio and particle linear de-

polarization ratio for desert dust particles at all three lidar wavelengths (355, 532 and 1064 nm). As these measurements590

become more and more available, DeLiAn ought to be updated accordingly, since spectrally resolved information including

the 1064 nm, is important for aerosol typing purposes.

Data availability. The data collection is available at https://doi.org/10.5281/zenodo.7751752 (Floutsi et al., 2023).planned to be published

to Zenodo after the reviewing process is complete
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Appendix A: 2D spaces of intensive optical properties595

Figure A1. 355 nm lidar ratio (S) and particle linear depolarization ratio (δ) against the extinction- (AE355/532) and backscatter-related

(AEb355/532) Ångström exponent. The figure legend is the same as in Fig. 2.
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Figure A2. Same as Fig. A2, but for the 532 nm lidar ratio (S) and particle linear depolarization ratio (δ).

Appendix B: Number of data samples per aerosol category

The total number of samples per aerosol category and per intensive property that were considered for the statistics presented in

Sec. 3.2 are shown in TableTab. B1.
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Table B1. Number of samples per aerosol category.

Aerosol type Total S355 δ355 S532 δ532 AE355/532 AEb355/532 AEb532/1064

Ash 4 4 3 2 - 2 2 2

Saharan dust 30 29 27 26 29 22 19 19

Central Asian dust 23 23 23 23 23 23 23 23

Middle Eastern dust 4 4 3 4 3 3 3 3

Smoke 71 70 63 35 19 58 34 29

Stratospheric smoke 8 8 5 8 8 1 1 1

Dust and smoke 25 25 25 19 12 13 14 14

Pollution 42 26 20 42 16 25 27 27

Dust and pollution 15 15 13 8 8 8 6 6

Dried marine 7 3 7 3 7 2 2 1

Clean marine 52 38 52 48 49 33 48 30

Dust and marine 21 20 21 16 16 13 16 16

Central European background 14 14 14 3 2 2 3 3
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