Dear Editor!

We thank the reviewers for taking the time (clearly more than just a day) to carefully read the
manuscript, to think about the contents, and then to come up with a constructive, fruitful list of
suggestion that now, hopefully, lead to a significantly improvement of the revised version.

Some general remarks, first: We changed the contents considerably according to the reviewers’
suggestions, but also by re-thinking the entire concept, methodology, and discussion of the two
observational cases.

(1) In the introduction, we extended the discussion regarding the potential problems introduced by
the use of a spheroidal particle shape model when applied to LIRIC, or more general, to lidar
observations, i.e., in cases where the retrievals are based on aerosol scattering at exactly 180°.

(1) The methodology is re-written, to include, right from the beginning, the fact that a cross-polarized
backscatter signal is measured. This is now considered in the formulas by using an index p indicating
the polarization state.

(2) We re-checked all figures and had to replace some. As a new point, now we show in Figures 4, 5,
10, and 11 besides the POLIPHON results for spherical and non-spherical particle fractions and LIRIC
results for fine-mode and coarse-mode particles (as in the submitted version), LIRIC results for
spherical and non-spherical particles. In this way a direct comparison of POLIPHON and LIRIC results
is possible. This work took time (some weeks), new computations were necessary.

(3) Figure 6 now only shows lidar ratio and depolarization ratio values, and a new Figure 7 is added
and shows the Angstrom exponents (for backscatter, extinction, lidar ratio). With Figure 7 we clearly
show now the impact of the spheroidal model on the LIRIC retrieval results. The spheroidal particle
model introduces significant uncertainty. This was already the message of several papers as Mueller
et al., 2010, 2012, and Gasteiger et al. 2011. Now our results in Figures 6 and 7 corroborate these
findings. The results in Figs. 6 and 7 are in full agreement with the literature so that there is no doubt
left that the spheroidal model is the main error source here for the observed discrepancies.

Similarly, for the volcanic case, Figure 12 now shows lidar ratio and depolarization ratio profiles only.
A new Figure 13 shows the backscatter-related, extinction-related, and lidar-ratio-related Angstrom
exponents. In Figure 13, the agreement between LIRIC results and direct Raman lidar observations is
worse and the reason is most probably the observed complex aerosol mixing and layering so that the
simple use of height-independent volume-specific backscatter and extinction coefficients required in
LIRIC and delivered by AERONET leads to large uncertainties.

(4) We extended the error discussion and include now overlap correction uncertainties, uncertainties
introduced by varying minimum and maximum measurement heights, and uncertainties in the
estimate of the reference particle backscatter value at the reference height.

Based on this new set of Figures we extended the discussion (in the result section), rechecked our
explanations, and improved the discussion along the lines suggested by the reviewers.



Anonymous Referee #1

The description of the method is clear and thorough (a more extended description would be out of
the scope of the paper).

Yes, we agree, we should not extend the description here.

LIRIC-retrieved particle concentrations are evaluated using the corresponding concentrations
retrieved with the POLIPHON method. As seen in the text, this comparison is problematic, since the
definition of fine and coarse modes is different for the two methods. Although some insight is given
through the comparison of retrieved backscatter coefficient profiles for fine and coarse modes, the
comparison deems inconclusive, especially for the mixed case. In addition, POLIPHON and LIRIC
uncertainties are not explicitly quantified. A further investigation of these uncertainties (by varying
the minimum and reference heights, changing the overlap correction but also by taking into account
the uncertainty in the density value used for the conversion from volume to mass concentration)
would make this work more complete, but it is not mandatory. Irrespectively, an overall evaluation
of the comparison of LIRIC and POLIPHON results, summarizing the assumptions of each method and
including a discussion of the problems in error estimation, would be very clarifying and is necessary
in the conclusions section.

Keeping these comments in mind we checked the errors occurring when varying minimum and
reference height and by using different overlap functions. We quantified the uncertainties and
mention them in the text (section 4, for both observational cases). We furthermore introduce a
Table 1 with all the essential assumptions used in the LIRIC and POLIPHON procedures. We discuss
all the additional uncertainties (by overlap correction, by minimum and maximum height
variations) not covered by the error bars. However, we leave out to discuss the uncertainties in the
POLIPHON retrieval (we show the error bars and mention the main error sources, and show the
input parameters in Table 1) . This is enough here. This is a LIRIC paper, not a POLIPHON paper.
Ansmann et al. (2012) discuss the POLIPHON errors.

Also, please provide in the conclusions section other methods that would be more appropriate to use
for LIRIC validation (e.g. using airborne in-situ data?)

We suggest airborne in-situ data for validation...., but our experience with SAMUM (airborne
Saharan dust observations) and aircraft overflights over the Leipzig lidar after the Eyjafjallajokull
volcanic eruptions let us believe that the uncertainties in the aircraft data are even larger than the
ones in our remote sensing products (because of inlet problems, furthermore by using optical
methods to get the size distribution, but the particles are non spherical!!l, and the refractive index
must be assumed too..., and so on).

Page 913

1-10 “The recently. . . radius range from 0.194 um-0.576 um.”: Needs rephrasing, e.g.: “The recently
developed Lidar/Radiometer Inversion Code (LIRIC) was designed as a universal code for processing
lidar/photometer network data, applicable to many dif- ferent instrumental conditions and technical
approaches. LIRIC uses the profiles of elastic-backscatter signals measured with multi-wavelength
lidar and the spectrally- resolved column-integrated particle optical properties from photometer



observations in a synergistic way (Chaikovsky et al., 2008, 2012). The main purpose is the retrieval of
height distributions of optical and microphysical properties of fine-mode and coarse- mode particles.
In accordance to the AERONET data analysis code, the method searches for the minimum in the
bimodal particle volume size distribution in the particle radius range from 0.194 um-0.576 um.”

Done!

11-13 “In this contribution. . . irregularly shaped dust particles.”: The validation of LIRIC is done using
POLIPHON results which though contain uncertainties as well, especially for mixed cases. It is better
to rephrase this piece to reflect the validation method uncertainty.

Yes, the POLIPHON uncertainties are now mentioned in the introduction section, and later on
several times.

16 “The inversion. . . to obtain. . .”: Change to “The inversion of AERONET sky radiance
measurements to obtain. . .”

Done!
23 “The method”: Change to “LIRIC method”
Donel!

18-22 “These overlap. . . heights of 150 m”: The overlap correction is associated with an uncertainty.
Has this uncertainty been quantified and taken into account in the estimation of the signal dispersion
at the later steps of the analysis (page 926 lines 7-8 “The incomplete overlap. . . height.”, page 931
lines 22-25 “Part of the systematic. . . overlap correction.” and page 932 lines 20-22 “In the case. . .
with decreasing height)”)? Please discuss.

We discuss the overlap correction uncertainty now in detail, and we quantify the errors for
different height ranges now in section 4.1 (Saharan dust case) and again in section 4.2 (volcanic
case).

24 “Sun-sky photometers applied by AERONET”: Change to “AERONET sun-sky photometers”
Done!

28 “Sky radiance observations”: Change to “Sun and sky radiance observations” (see Dubovik and
King, 2000).

Done!
Page 916

4-5 “Based on these microphysical properties, AERONET provides the optical characteristics (the
AOT, the column volume concentrations. ..”: The AOT is not retrieved, it is measured. The volume
concentrations are not optical properties. Rephrase accord- ingly. 7-9 “In a case when sky radiance
observations are not available the AOT and the column volume concentrations are derived from
spectral dependence. . .”: Change to “For cases when sky radiance observations are not available the
AOT and the column volume concentrations are derived from the spectral dependence. . .”



Done!

Page 917

1 “RFOV”: Spell out the acronym.

Done!

7 “...toincreases the...”: Change to “. . .to increase the. . .”

Done!

Page 918

5-6 “In the case of 1064 nm. .. at the reference height.”: What is the estimate used in the analysis?
We state that we use a backscatter ratio of 1.1 at the reference height for all three wavelengths.

11-12 “To assure optimized profiles. . . within error margins.”: Provide reference on optimization
method.

We provide the reference, Eadie et al., 1971
Page 919

4-10 For Eq. 7, 8, 9 provide explanations for symbols used (e.g. w, F11) immediately after. (The
explanations are provided in the text, but further below.)

Done!
16-17 “A fixed fraction. . . for the fine mode...”: Provide the value of the ratio.

We say that LIRIC uses the actual sphericity value determined by AERONET as input to compute the
ratio of spherical to non-spherical particles.

22-24 “Besides. . . data set.”: Make more explicit the option of including the cross- polarized 532 nm
backscatter signal. Rephrase to: “Besides the elastic backscatter signals for 355, 532, and 1064 nm,
LIRIC algorithm provides the option of including the cross-polarized 532 nm backscatter signal
(denoted as 532c in Fig. 1, wavelength index j=4) in the input signal data set.”

This is now changed in a more extended way because we re-formulated the entire methodology
section and consider, right from the beginning, the cross-polarized signal in the LIRIC retrieval.

Page 920

1-2 “Consequently, ... non-spherical particles.”: Rephrase it to highlight that if the cross-
polarized signal is not provided LIRIC does not provide results for non-spherical particles.

See statements before (full consideration of the cross-polarized signal from the beginning)...

13-14 “The retrieval is designed. . . in Dubovik, 2004).”: (OPTIONAL) Change to: “The retrieval is
designed as statistically optimized fitting of multi-source data, using the multi-term LSM (see
detailed description in Dubovik, 2004).”



We changed the text as a whole and implemented this comment.

15 “.. .is organized as minimization. . .”: (OPTIONAL) Change to “. . .is organized as the minimization.

”
Done!

17-8 “. . .photometric measurements and retrieved concentration profiles,. . .”: Change to “. .
.photometer-derived column volume concentrations and corresponding integrals of the retrieved
concentration profiles,. . .”.

Done!

Page 921

1-2 “The mean value of the different solutions. . . 5-10 different solutions.”: Discuss why you didn’t
take into account the minimum and reference height uncertainty in the error estimation.

Done! We now extend the error discussion and mention the impact of overlap correction
uncertainties and variations in the minimum and reference heights. But these are quite different
error sources then the ones originating from the LIRIC procedure itself and the basic LIRIC retrieval
assumptions. But as mentioned this is now explained in the text accordingly.

Page 923

8-10 “.. .are caused by. . . related to the coarse mode.”: Rephrase “. . .are caused by non-
depolarizing spherical particles (i.e. fine-mode fraction), and that the coarse mode are strongly light-
depolarizing non-spherical particles.”

Done!

25 “. . .required. . . in addition).”: Change to “. . .required in the LIRIC data analysis).”
Done!

Page 925

20 “Stable conditions. . .”: Since you provide evidence for these “stable conditions”
below (page 926, line 10), rephrase as “Stable conditions (see discussion bellow). . .”
Done!

23 “,..,21:47 to 23 15 UTC. . .”: Why using such a broad time frame? Especially since after 22:45
there is an obvious change in the vertical distribution of the aloft plume (see Fig. 2). Discuss.

The aerosol conditions were really stable, so that signal averaging is ok. Even after 23:15 the
aerosol distribution did not change significantly.

Page 926



1-2 “Figure 3. .. as retrieved with LIRIC”: (OPTIONAL) Move line 19-20 here to highlight the absence
of spherical coarse mode “Figure3. . . as retrieved with LIRIC. The analysis indicated the absence of
spherical coarse-mode particles throughout the troposphere.”

Done!

4-5 “As mentioned. . . AERONET observations.”: (OPTIONAL) Rephrase as “As mentioned, the
vertically integrated fine- and coarse-mode volume concentrations must match the respective
column values retrieved from AERONET observations.”

Done!
Page 928

6-7 “According to Fig. 5...AERONET column observations”: Rephrase according to the fact that
the AERONET column observations are actually used in POLIPHON analysis. Thus, POLIPHON results
are not as independent from the AERONET column observations as it is implied in the phrase.

We state at several places that POLIPHON also depends on AERONET input. And we introduced the
new Table.1 to make that clear to everybody.

10-13 “The fine-mode. . . POLIPHON curve.”: If this is true, the agreement in the coarse mode should
be re-evaluated under this light. Furthermore, this discrepancy may be also due to the density used
for the non-spherical fraction of fine mode (p2 in Eq.11) for the conversion of LIRIC fine mode
volume to mass concentration (this also applies at page 932 lines 18-19 “Regarding. . . AERONET
column value.”). Did you take into account the range of possible densities in the LIRIC and
POLIPHON mass concentration uncertainties? Discuss.

The error bars include the density uncertainty, and both LIRIC and POLIPHON use the same density
values. We re-analyzed the data and also compare now the sphericity value from AERONET (and
thus LIRIC) and derived from POLIPHON. So we extended the discussion significantly.

Page 930
5 “.. .transport from the west”: (OPTIONAL) Provide reference.
Done!

25-28 “Cumulus cloud. . . in the coarse mode.”: Then, this is probably a failure of LIRIC to retrieve the
spherical coarse mode in this case. Please include in the conclusions section.

We improved the statements. We use cloud-screened signal profiles. So there is no cloud
interference in the results.

Page 932
9-25 “As can be seen. . . acceptable.”: Provide the densities (p1 and p2) used.
Done!

Page 933



16-17 “. . .indicated a good. . . with LIRIC.”: As mentioned in the beginning of this review, please
rephrase and include a discussion about the comparison of LIRIC and POLIPHON results for each case
separately (emphasizing that the mixed case is more problematic), as well as the problems in error
estimation for the two methods.

We now state more clearly the difference between the two case studies (a simple aerosol scenario
versus a very complex scenario), we discuss the errors in more detail, more carefully and by better
separating the different cases. We include new figures with backscatter-related, extinction-
related, and lidar-ratio-related Angstroem exponents to provide more inside into the limits of
LIRIC. We include LIRIC results for non-spherical and spherical particles to better compare LIRIC
with POLIPHON results. So the conclusions are quite clear now.

Page 938

Fig.1 “LIRIC products (blue box). . .depolarization ratios). ..”: Provide the symbols of the properties,
as seen in the figure.

Done!

Fig.1 —last line “. . .and respective mass concentrations Mf and Mc for fine and coarse mode.”: The
mass concentrations are not “LIRIC products”.

Improved
Page 940

Fig.3 (OPTIONAL) Change the “Coarse mode” inlegend to “Non-spherical coarse mode”. Do the
same in Fig. 4,5, 8, 9 and 10.

Because we extended the discussion and compare POLIPHON (spherical, non-spherical), LIRIC
(spherical, non-spherical), and LIRIC (fine mode, coarse mode) and show the results in four
extended figures, we left out to mention non-spherical coarse mode particles here. This is no
longer necessary.

Anonymous Referee #3
Received and published: 18 March 2013
General Comments

This paper describes a microphysical retrieval method for a combination of ground based elastic
backscatter lidar plus an AERONET sunphotometer. ..... For the most part, the paper is well written
and includes an appropriate amount of explanation and detail.

However, | think the manuscript should be improved in a few key areas. | believe the conclusion
should be more specific about both the positive and negative results found in the study. The authors
state that one of the goals of the paper is to “evaluate the potential” of the LIRIC method, so they
should specify details in the conclusion about when the method is most applicable and when it is less



applicable (i.e. the two distinct case studies had different results: why?), what are the strengths and
weaknesses, and (if possible) what possibilities are there for improving the method.

We kept these suggestions in mind when we re-phrased the entire discussion section (result and
conclusion sections). According to our general statements at the beginning of this reply we
extended our discussion considerably and show more comparisons, more figures. Nevertheless, in
cases with complex aerosol mixing and layering it is almost impossible to come up with clear
conclusions (which are then free of speculation). So these conclusions are not drawn to avoid
speculations. It is too early to come up with clear conclusions. Much more studies are required.
This is stated in the conclusion section.

Also, | think the data analysis and interpretation of the case studies is somewhat weak, specifically in
terms of the lists of potential explanations for discrepancies between the LIRIC and
Raman/POLIPHON results. Several possible explanations are listed, but without further investigation
that would help to distinguish whether or how much these different explanations contribute, even in
cases where it seems like follow-up would be easy.

The discussion now provides more details, more parameters (sphericity, several Angstroem
exponents) are presented and discussed. More conclusions are now drawn.

We compare POLIPHON (spherical, non-spherical), LIRIC (spherical, non-spherical), and LIRIC (fine
mode, coarse mode) and show the results in four extended figures, as mentioned above. More
cannot be done.

On a less critical note, | think the flow of the introduction and methodology sections could be
improved to make the retrieval much clearer to the reader. While almost all of the information |
would want is presented somewhere in the manuscript, the introduction could provide a better
foundation for understanding the methodology and results. Also in the introduction, it would be
good to add a discussion about how this technique is similar to or different from other microphysical
retrieval techniques, such as Veselovskii et al. (2012), Leon et al. (2003), Veselovskii et al (2002), and
Mueller et al. (1999).

This is now considered in detail as desired.
Specific Comments

Introduction (also see general comment above): | think the description of the LIRIC technique could
be improved, to better prepare the reader to follow the explanations and results in subsequent
sections. Specifically, | think it’s important to clarify (1) what the inputs are and specifically that only
backscatter (not Raman extinction) lidar signals are used for the lidar part, (2) what outputs are
provided, and (3) the relationship between the AERONET retrieval and the LIRIC retrieval (that is, that
the AERONET retrieval is input to the LIRIC retrieval).

This is now done in the introduction section as suggested. And we expanded the discussion on the
potential error source: spheroidal particle shape model.

Page 915, Line 3-10: It’s potentially confusing at first that you are not using the Raman extinction
measurement in the retrieval. Please consider adding another sentence that would explain why only



the elastic backscatter signals are used and the motivation for having a Raman lidar for this study (i.e.
for the validation).

This is now written in section 2.1

Page 916: Does the radiometer inversion assume a single complex refractive index for all particles in
both the fine and coarse mode in the whole column? Do you have any comment about whether this
is a reasonable assumption and what effect it might be expected to have? Please discuss whether
there are there any other important assumptions that might affect the accuracy besides the
spheroidal model, the use of column-equivalent values of some parameters and the assumption of a
single refractive index?

We present a new table (Table 1) with ALL the assumptions made, and whether the assumed
parameters are height-dependent, or assumed to be equal for both modes etc. But it is not our job
to provide a very detailed error analysis about the refractive index assumptions e.g. when the
agreement of the results is fine (Saharan dust) or when the agreement is bad because of complex
layering and badly defined conditions for LIRIC/AERONET retrievals, ....so that a study of the impact
of individual errors sources, such as the refractive index uncertainties, seems to be just
speculations..

A discussion on the impact of uncertainties caused by the use of the column-equivalent values of
some of the parameters including refractive index assumptions is not given, would be too
speculative. We do not have the potential to check this all in detail. But from the discussion of the
second case (volcanic aerosol) it becomes clear now that LIRIC is at its limits in cases with complex
and varying aerosol layering and mixing.

Page 916, Line 7-10: Which of these two AERONET inversions were used in the case studies examined
in this paper?

The Dubovik code

Page 915-916, Section 2.2: Is there is a minimum AOT required (0.4?) to obtain the AERONET
inversion for use with LIRIC?

No!

Page 918, line 9-12 and 920, lines 13-20: This couple of paragraphs is a slightly awkward compromise
between too little and too much technical information. The phrases “Multi-term LSM formulation”
and “LSM-based statistically optimized retrieval proce- dure” by themselves are not very informative.
At a minimum, Least Squares Method (?) needs to be spelled out. | think a more complete
description of the retrieval method would be appropriate here (or in an appendix) since the prior
Chaikovsky and Wagner references are not in peer reviewed literature. If so, then | think it would be
good to have the equations that define the system (the ones described on 920 as “a quadratic
functional that consists of several terms”). Less important would be a description of the inversion
method including the smoothness constraint. If you prefer to have just a sentence or two without
much technical detail, then I think it is important to make these sentences more descriptive and
understandable by someone who is not already familiar with the Dubovik retrieval. In either case,
please include the full list of references right at the start of this discussion (page 918).



We prefer to keep the discussion short. We try to provide a better description and provide more
references. The paper is already very long, and a more extended description of data processing is
not appropriate. This must be done by the persons who developed LIRIC (our co-authors
Chaikovsky and Dubovik). These papers are in preparation to cover this (and will be part of a
special issue on EARLINET in 2014).

Page 918, line 9: Is it covariances between different heights (or range bins) that are required or
covariances between different wavelengths? Without further explanation about the covariance
matrices, I’'m not sure this detail adds much value.

Covariances between heights. We changed the text, accordingly.

Page 918, line 14-15: Consider adding “also” after profiles and adding another sentence something
like this: “Comparing these profiles to the lidar measurements allows us to solve for the particle
volume concentrations.” With no mention of the lidar, which is better suited to measure aerosol
profiles, it's confusing to read that the aerosol profiles are estimated from the photometer.

We did.

Page 918-919: Is the LIRIC system of equations overdetermined (after the AERONET inversion step)?
It seems that there are more measurements (4 lidar measurements per range bin plus column
constraints) than unknowns (3 concentrations per range bin), although of course they are not
orthogonal. If so, can you make any statement about whether 3 is the minimum number of lidar
wavelengths needed for this retrieval? If the authors have any basis for answering this, | think there
would be interest in it.

No, we leave out such statements, in view of so many input parameters (Table 1) we do not
believe it makes sense to discuss whether there are more unknowns than measurements. How to
handle all the assumptions, many assumptions are profile assumptions.

Page 920, line4: If you say “minimized with respect to the particle volume concentra tions, C” rather
than just “minimized”, it would be clearer.

Done!

Page 920, line 26-Page921, line 2: the idea of forming the error bars from the results of multiple
runs using different regularization parameters seems a bit suspect. These presumably depend on
how much the regularization parameters are tweaked and therefore are not a good representation
of the propagation of the input measure- ment errors. While there might be an argument that the
errors from different runs are random within the measurement errors (I’'m not sure | actually believe
that), 5-10 runs does not seem like enough variation for a Monte Carlo type error bar calculation.

As now mentioned, the 5-10 runs are done in such a way (with well selected rather than randomly
chosen input parameters and related uncertainties) that the full error range caused by the LIRIC
input parameters is covered, and the. Further error sources are discussed now that are more
related to the signal profiles and their preparation before applying the LIRIC algorithm. This is now
stated in section 4.



Page 923, line 15: Reference the earlier work by Sugimoto et al (2003). Tesche et al. (2009) are
responsible for applying the equations from Sugimoto et al. to extinction from a Raman lidar. Since
you are partitioning only the backscatter, | think the prior reference is appropriate.

Done!

Page 923, line 23: “The parameters af and ac are almost insensitive . . .”. What is the basis for this
statement? Please add an explanation and reference.

As shown by Dubovik et al. (2006) the phase functions for spherical and spheroidal particles are
very similar for forward scattering up to scattering angles of 20 degrees or so. And these angles are
almost completely responsible for the extinction coefficient. So, the extinction coefficient is the
same for spheres or spheroids, and so we conclude ... independent of shape. This is explained in
the text.

Page 924, line 9: “obtained from the Raman lidar measurements or from combined photometer-lidar
observations”. Which option was used for the cases presented here? If the Raman lidar ratio
measurements are used, is it still a column-equivalent value, or in that case are Saerl and Saer2
height dependent?

No it is a column-integrated value.

Figure 4 and discussion, Page 926, line 27. I’'m confused why the LIRIC derived coarse mode
backscatter coefficient is lower than POLIPHON for the peak near 2 km, but the particle
depolarization ratio at that height is greater (in Figure 6). | would expect both errors in the same
direction.

The related Figures are checked and several errors are found (partly wrong profiles were calculated
and shown). This is now improved, and all these aspects are now in consistency.

Page 926, line 29 — Page 927, line 3 and also Page 928, lines 24-28. The statements attributed to
Mueller et al (2012) in the current work seem much more specific than how | interpret what Mueller
et al actually said. | believe that they see discrepancies between AERONET and in situ measurements
which they partially attribute to the spheroidal model, but | do not see where they quantify an upper
bound on the difference this can make, or a specific statement that this is due to the phase function
at 180 degrees (although they do say less specifically, “the AERONET models were not designed to
work at 180 degrees”). The statement in this manuscript implies that

20% is a theoretical upper bound, but Mueller et al. (2012) is an empirical study and doesn’t make
any theoretical explanation that would allow for a determination of an upper bound.

If one looks at the SAMUM observations (Mueller et al., 2012, Gasteiger et al., 2011) and the
measured depolarization ratio is always about 31% and the computed one is always not higher
than 25% by using this spheroidal model, then the bias is 20%. If the lidar ratio is always 50-55sr,
and the computed ones (based on the spheroidal model) are around 60-65sr, then the bias is again
up to 20%. To further corroborate our impression, we show now the backscatter-related,
extinction-related, and lidar-ratio-related Angstroem exponents, and the found discrepancies
between the directly measured Angstroem values and the computed ones (based on the



spheroidal model) show the same features as shown by Mueller et al., 2012 and Gasteiger etal.,
2011. All this now stated in the text.

Page 926-927. The two paragraphs starting at the end of 926 and ending near the end of 927 list
several possible explanations for a systematic bias between the LIRIC and POLIPHON results. You
could learn more about the likelihood of some of these possibilities with relatively easy follow-up
analysis. First, you note (here and elsewhere) the possibility of a discrepancy between the LIRIC
coarse vs. fine partitions and the Raman spherical vs. non-spherical partitions. It seems to me that
you have the means to compare like quantities. Given the four concentrations introduced in Eqns 5
and 6, it should be easy to compute the spherical and non-spherical fractions from LIRIC to make a
more direct comparison with POLIPHON. Then you could know for sure if this explanation is
applicable in these cases.

We thank the reviewer for this idea to compare directly LIRIC (spherical, non-spherical particles)
results with the POLIPHON (spherical, non-spherical particles) results. This leads to the
improvement of Figures 4, 5, 10, and 11. Now the sphericity parameter (from AERONET) comes
into play and is a very important quantitiy. This parameter is uncertain and thus the results. In the
Saharan dust case the sphericity is 1.7% (LIRIC) and about 9% (POLIPHON). In the complex volcanic
case, the LIRIC value is 15%, and the POLIPHON value is 55%. The POLIPHON results are more
reasonable than the LIRIC/AERONET values as discussed in the result section.

You also propose that the pure dust depolarization ratio might be too low. A sensitivity test could
determine how big this value would have to be to produce good agreement. If the answer is about
34% or less, that would support this possible explanation, but if it would have to be much larger, it
seems unlikely. Finally, you point out that the column value of backscatter and extinction used in the
LIRIC analysis may not be an adequate representation of the height-dependent values. The Raman
lidar provides fully resolved lidar measurements of height-dependent backscatter and extinction
measurements. Is there any way to use these to check this possible explanation?

We compare all the directly measured backscatter, extinction, lidar ratio, Angstroem, and
depolarization ratio profiles, find partly agreement and partly not. This is extensively discussed,
and discrepancies can be well explained. In the case of the simple Saharan dust case, all the
discrepancies point to the use of the spheroidal model.

Page 928, line 22-23. Discrepancy in the lidar ratio is referred back to the discussion that the 180
degree phase function in the spheroid model would lead to errors in the backscatter but not
extinction. To address this, first of all, you should show a comparison of extinction. But I’'m not sure
| believe this explanation, because in this case the lidar ratio agreement is poor and the backscatter
agreement is good (implying perhaps that the extinction agreement is poor).

No, intensive quantities are clearly of advantage when comparing different results obtained with
different methods. Now we compare even the wavelength dependence of the lidar ratio, and find
that LIRIC/AERONET fails to determine the spectral slope of the dust lidar ratio. Again a clear sign
that the spheroidal particle model is not adequate.

Page 929, line 2. Lidar ratios of 78-80 sr at 355 nm seem very high. Mueller et al (2012) also saw a
similar problematic result for the AERONET results in that study.



And our final results show all this again and the lidar-ratio-related Angstroem exponents show this
too, so all our results are in agreement with Mueller et al., 2012, and clearly indicate that the error
source is most probably the spheroidal shape model.

Page 929, line 10, “good agreement”. The agreement is not terrible, but the following discussion
suggests that the depolarization should be almost a reproduction of the input profile, and it is not
that good. Is there a reason for the high bias in the lower part of the dust layer and low bias in the
upper part?

We improved the discussion, and provide a more critical view.

Page 933, lines 1-5: Note that the poor agreement in the previous graphs was below the lowest
altitude Raman values in these graphs. There’s nothing to indicate that these results aren’t also
poor at low altitudes, so the “surprisingly” good agreement is not necessarily a contradiction.

The discussion is changed and consistent now based on the re-analyzed and additional Figures.

Page 933, line 9: Please consider adding “using a combination of backscatter lidar and photometer
measurements” or some similar phrase to the end of the sentence.

Done!

Page 933, line 14-15: This may be too strongly worded. In the discussion, the mass concentration
comparison for the volcanic aerosol was described as acceptable considering the large error bars,
which sounds less confident than “good and trustworthy”. The mass concentration comparison for
the dust case was better. Being more specific about the differences between the cases (as suggested
in the General Comments) would be good. Also since no comparison was made with the volume
concentration, it is misplaced in this sentence.

We changed the discussion accordingly. We also say at different places that clear conclusions on
the LIRIC potential and uncertainty (including specification of error sources) is only possible in
simple aerosol cases such as the Saharan dust case. This is not possible in the case of complex
aerosol mixing and layering. Too many (or more or less all) assumptions made in LIRIC are then
violated and at the end a clear uncertainty source identification is simple impossible. But again, we
show more results now (especially the new Angstroem exponent figures). All the results underline
how difficult a discussion on errors then is. To avoid speculation we have to leave such detailed
discussions out. We say that, and conclude in the summary section: It is too early for final
statements, we need more studies and comparisons....

Figures: What are the horizontal and vertical resolution of the profiles shown in the figures?

LIRIC vertical resolution is 15m. Horizontal resolution? If wind is blowing with 10m/s and we
average two hours of the signals, we avarage air masses over 70 km.

Figure 9: | don’t understand why the fine and coarse mode portions from the LIRIC results don’t add
up to the total backscatter coefficient below about 0.5 km. Here the coarse mode is 0, the fine mode
is approximately 1 per Mm-sr and the total is nearly 3 per Mm-sr.

This was one of the erroneous profiles we re-checked and substituted now.



Figure 11: The small angstrom exponent below 1 km seems inconsistent with the result that it is
entirely fine mode with no coarse mode at that altitude. Is there an explanation for this?

All this is now improved and consistent (optical versus microphysical properties).
Technical Comments

Page 913, line 1-4: This is not a sentence. Was “analysis” meant to be “analyzes”? This would make
it a sentence.

Yes, we improved.

Page 917, line 1: “RFOV”: Please spell out.
Done!

Page 918, line 8: missing word, “down to the”
We improved.

Page 925, line 7: suggest adding “the” to make “dominated the particle backscattering”. Page 929,
line 6: suggest “is near zero” rather than “fluctuates around zero”.

Done!
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Abstract. The Lidar/Radiometer Inversion Code (LIRIC)
combines the multiwavelength lidar technique with sun—sky
photometry and allows us to retrieve vertical profiles of parti-
cle optical and microphysical properties, separately for fine—
mode and coarse-mode particles. After a brief presenta-
tion of the theoretical background, we evaluate the potential
of LIRIC to retrieve the optical and microphysical proper-
ties of irregularly shaped dust particles. The method is ap-
plied to two very different aerosol scenarios, a strong Sa-
haran dust outbreak towards central Europe and an Eyjaf-
jallajokull volcanic dust event. LIRIC profiles of particle
mass concentrations for the coarse—-mode as well as for the
non—spherical particle fraction are compared with results
for the non—spherical particle fraction as obtained with the
polarization—lidar—based POLIPHON method. Similar com-
parisons for fine—-mode and spherical particle fractions are
presented, too. Acceptable agreement between the different
dust mass concentration profiles is obtained. LIRIC profiles
of optical properties such as particle backscatter coefficient,
lidar ratio, Angstrom exponent, and particle depolarization
ratio are compared with direct Raman lidar observations.
Systematic deviations between the LIRIC retrieval products
and the Raman lidar measurements of the desert dust lidar ra-
tio, depolarization ratio, and spectral dependencies of parti-
cle backscatter and lidar ratio point to the applied spheroidal
particle model as main source for these uncertainty in the
LIRIC results.

1 Introduction

The recent Icelandic volcanic eruptions in 2010 and 2011
emphasized the importance of remote—sensing methods that
allow the separation of fine—mode and coarse—mode particles
in the troposphere as a function of height (Ansmann et al.,
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2011a, 2012). From the point of view of atmospheric re-
search, there is a strong request for vertically resolved ob-
servations of optical and microphysical properties of atmo-
spheric aerosols to improve our understanding of direct and
indirect effects of aerosols on climate-relevant processes.
The aerosol influence can be very different in the polluted
boundary layer and in the free troposphere due to different
aerosol lifetimes, transport ways and ranges, and interaction
with low, midlevel, and high clouds.

Presently, efforts are undertaken in the framework of the
European Aerosols, Clouds and Trace gases Research Infras-
tructure Network (ACTRIS) to make complementary use of
different measurement techniques such as lidar (aerosol ver-
tical profiling) and sun—sky photometry (spectrally resolved
optical aerosol characterization) at combined European
Aerosol Research Lidar Network (EARLINET) and Aerosol
Robotic Network (AERONET) stations. The recently de-
veloped Lidar/Radiometer Inversion Code (LIRIC) was de-
signed as a universal code for processing lidar/photometer
network data, applicable to many different instrumental con-
ditions and technical approaches. As outlined in Sect. 2,
LIRIC uses profiles of elastic—backscatter lidar return sig-
nals at 355, 532, and 1064 nm and, as a priori assump-
tions, AERONET photometer retrieval products (column—
integrated particle size distributions, composition, complex
refractive index, and particle shape) (Chaikovsky et al., 2008,
2012). Products of this synergistic data analysis are height
profiles of particle backscatter and extinction coefficients at
the three wavelengths, and particle volume and mass concen-
tration profiles separately for fine—mode and coarse-mode
particles. Main goal of the LIRIC approach is to create a
height-resolved data set of particle optical and microphys-
ical properties which is in full agreement with the respec-
tive column—integrated findings from the sun—sky photome-
ter observations. The method has been developed in a co-
operation between the Institute of Physics Minsk (Belarus)
and the Laboratoire d’Optique Atmosphérique Lille (France)
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(Chaikovsky et al., 2008, 2012). The recently introduced i2s
Generalized Aerosol Retrieval from Radiometer and Lidar
Combined Data (GARRLIC) (Lopatin et al., 2013) can be re-
garded as an extended version of LIRIC. The GARRLiC con-
cept pursues an even deeper synergy of lidar and radiometer
data in the retrievals, e.g., by using the lidar profile informa- 1z
tion to improve the AERONET retrievals.

There have been similar attempts to combine passive
spaceborne remote sensing of aerosols with lidar aerosol pro-
filing. Léon et al. (2003), Kaufman et al. (2003a), and Kauf-
man et al. (2003b) combined lidar observations of height 1ss
profiles of particle backscattering with column—integrated
spectral radiances measured with MODIS (MODerate res-
olution Imaging Spectroradiometer) to retrieve profiles of
particle optical properties which are consistent with the mi-
crophysical properties from the MODIS observations. The 14
third group of retrieval methods to derive microphysical
particle properties are solely based on multiwavlength li-
dar observations of particle extinction and backscatter co-
efficients (Miiller et al.,, 1999; Veselovskii et al., 2002;
Bockmann et al., 2005). Recently these inversion techniques 14s
were extended to cover also desert dust observations and
dust/smoke/sulfate aerosol mixtures (Veselovskii et al., 2010;
Miiller et al., 2013).

All these retrieval methods above are based on the assump-
tion that the optical properties of the non—spherical, irregu- 1so
larly shaped coarse dust particles (desert dust, volcanic dust)
can be sufficiently well described by assuming an ensemble
of randomly oriented spheroidal dust particles with homoge-
neous mineralogical composition throughout the dust parti-
cle size distribution. However, prolate and oblate particles ;s5
of different size are only approximations of the true shape
of mineral dust particles. The exact shape of the dust parti-
cles cannot be described in this way. Ellipsoids have smooth
surfaces, in contrast to the dust particles. Inclusions of var-
ious minerals in the dust grains and heterogeneous chem- 4
ical composition are also not accounted for (Miiller et al.,
2013). Gasteiger et al. (2011a) pointed out that in addition to
the shape effects, the assumption on the mineralogical com-
position (i.e., on the external and internal mixture of light—
absorbing and non—absorbing dust particles) also have a very 15
sensitive influence on the backscattering efficiency of dust
particles.

The concept of describing the non—spherical component
as an ensemble of randomly oriented spheroids with size—
independent aspect-ratio (length—to—width—ratio) distribu-
tion has been successfully employed in the operational re-
trieval algorithm of AERONET (Dubovik et al., 2006), How-
ever, the central question remains: Is that model also appror-
iate for lidar applications which are based on backscattering 17
by particles at exactly 180° scattering angle? The lidar in-
version methods mentioned above were developed to retrieve
microphysical properties of spherical aerosol particles (urban
haze, fire smoke). Miiller et al. (2013) state that the main rea-
son for not using the spheroidal particle model for mineral 175
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dust data is rooted in the poor understanding of how to de-
scribe the 180° light—scattering properties of particles of ir-
regular (non—spherical) shape. The authors further state: We
still look for theoretical models that allow us to link specific
features of a particle’s shape to its specific optical properties
such as the measurable shape—sensitive particle extinction—
to—backscatter ratio (lidar ratio) and the particle depolariza-
tion ratio. The lidar observations performed during the Saha-
ran Mineral Dust Experiment (SAMUM) campaigns corrob-
orate that the spheroidal particle model may not be adequate
for lidar applications (Miiller et al., 2010b; Ansmann et al.,
2011b; Gasteiger et al., 2011a; Miiller et al., 2012).

Here we investigate the potential of LIRIC to retrieve
profiles of desert and volcanic dust optical properties such
as the lidar ratio and depolarization ratio and microphysi-
cal properties such as particle volume and mass concentra-
tions. Fortunately, independent remote—sensing methods are
available that enable us to directly and simultaneously mea-
sure lidar ratio and depolarization ratio profiles by using the
Raman/polarization lidar technique and to retrieve particle
volume and mass concentrations of fine-mode and coarse—
mode particles by means of the Polarizaton Lidar Photome-
ter Network (POLIPHON) method (Ansmann et al., 2011a,
2012). These methods are also explained in Sect. 3. The
POLIPHON technique is based on the measured height pro-
file of the particle depolarization ratio to separate coarse dust
from the residual aerosol particles and does not make use
of the spheroidal particle model. However, the POLIPHON
products contain uncertainties as well, especially for mixed
aerosol cases, as will be discussed in Sect. 4.

We focus on two cases with aerosol layers containing a
considerable amount of irregularly shaped coarse—-mode par-
ticles. The first case refers to a strong Saharan dust out-
break towards Europe in May 2008. The second case cov-
ers the aerosol conditions after the eruption of the Icelandic
volcano Eyjafjallajokull in April 2010. Section 2 describes
the measurement systems. The LIRIC method is explained
in Sect. 3. In addition, the basic idea of the POLIPHON
method is briefly outlined. In Sect. 4, results are presented
and discussed. Section 5 contains summarizing and conclud-
ing remarks.

2 Measurement systems
2.1 Raman lidar MARTHA

The multiwavelength Raman lidar MARTHA (Multiwave-
length Atmospheric Raman lidar for Temperature, Humid-
ity, and Aerosol profiling) is used for regular aerosol obser-
vations at the EARLINET station of Leipzig (Mattis et al.,
2004). It provides height profiles of particle backscatter and
extinction coefficients, lidar ratios as well as the volume and
particle depolarization ratio (Ansmann et al., 1992, 2011a).
Because Raman lidar signals are used (in addition to elastic—
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backscatter signals), the method works best at darkness in the 23
absence of strong sky background radiation. However, dur-
ing events with optically dense aerosol layers, the Raman—
lidar method for separate extinction and backscattering pro-
filing can even be applied during daylight hours, as will be
shown in Sect. 4.

235

For LIRIC, the elastically backscattered signals at the
three transmitted wavelengths of 355, 532, and 1064 nm and
the cross—polarized signal at 532 nm are used. LIRIC was
originally designed for the analysis of lidar measurements at
the three wavelengths of 355, 532, and 1064 nm. It has been
extended to cover polarization lidar observations as well.
MARTHA transmits linearly polarized laser light at 532 nm
and has two channels to measure the cross—polarized lidar re-
turn signal P+ (), z) (the polarization—sensitive filter element
is aligned orthogonal to the plane of laser beam polarization)
and the total (cross and parallel-polarized) backscatter light
PL()\,2) + Pll(\, 2) with a second channel. From these sig-
nals the depolarization ratio (introduced in the next section)
can be determined. Non-spherical particles such as desert
or volcanic dust particles cause significant depolarization (a
significant signal P1), whereas spherical particles and even
fine—-mode urban haze particles produce almost no cross—
polarized backscatter.

240

245
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The Raman signals are not used in the LIRIC scheme.
However, the products of the Raman lidar measurements ,
(backscatter, extinction, lidar ratio, depolarization ratio) are
used in the LIRIC validation study. A direct comparison be-
tween the LIRIC and Raman lidar profiles provides the best
opportunity to validate the LIRIC efforts.

For an optimum application of the LIRIC method, i.e.,2s0
combining spectral tropospheric column with tropospheric
profile information, it is necessary that the lidar covers al-
most the entire tropospheric column (as seen by the pho-
tometer) with profile observations. However, the incomplete
overlap between the transmitted laser beams and the receiver 2es
field of view (RFOV) prohibits the measurement of reliable
lidar return signals in the near range (usually up to a few
100 m, in the case of MARTHA up to a few kilometers be-
cause of the large telescope). The overlap function of our
lidar is routinely and regularly determined and checked dur- 270
ing clear nights with low aerosol amount by means of the
method discussed by Wandinger and Ansmann (2002). The
overlap profile is then applied to the aerosol lidar observa-
tions and allows us to correct the overlap effect usually down
to heights of 500-1000 m above the lidar. Under favorable 275
conditions (as for the Saharan dust case presented here), the
overlap correction is reliable down to low minimum mea-
surement heights of 150 m. Because the overlap effect may
change from one to another lidar alignment which is rou-
tinely done in the beginning of each long—lasting lidar mea- 2s0
surement session, different experimentally determined over-
lap profiles are used to check and quantify the impact of po-
tential overlap uncertainties on the LIRIC retrieval accuracy.

2.2 Sun-sky photometer

LIRIC makes use of photometer—derived particle parame-
ters that link the particle volume concentration to particle
backscattering and extinction at 355, 532, and 1064 nm. The
AERONET sun-sky photometers detect direct sun, aureole,
and sky radiance (Holben et al., 1998). At Leipzig, direct
sun radiation is measured in eight channels centered at wave-
lengths of 339, 379, 441, 501, 675, 869, 940, 1021, and
1638 nm. Sky radiation is obtained in four bands centered
at 441, 675, 869, and 1021 nm. From direct sun measure-
ments the aerosol (particle) optical thickness (AOT) and the
Angstrom exponent which describes the AOT wavelength
dependence is derived. Sun and sky radiance observations
are used for inversion algorithms to retrieve microphysical
aerosol properties such as the volume particle size distri-
bution for fine and coarse mode (Dubovik and King, 2000;
Dubovik et al., 2006). The AERONET data analysis code
searches for the minimum in the bimodal particle volume
size distribution in the particle radius range from 0.194—
0.576 pm. The found minimum is used as a separation radius
between fine-mode and coarse-mode particles. The com-
plex refractive index and the contribution of spherical par-
ticles to the fine—mode and coarse—mode particle fractions
are determined in addition. The wavelength—dependent re-
fractive index is the same for both fine and coarse particles.
In summary, from the retrieved information, AOTs, particle
scattering phase functions, asymmetry parameters, and col-
umn volume and surface—area concentrations of the particles
are derived for spherical and non—spherical particles of the
fine—-mode and the coarse-mode fractions (Dubovik et al.,
2006). In cases without sky radiance observations, the AOTs
and the column volume concentrations for fine and coarse
mode are derived from the spectral dependence of measured
AOT (O’Neill et al., 2003). The case studies in Sect. 4 are
based on the Dubovik method.

The inversion of AERONET sky radiance measurements
to obtain microphysical aerosol properties is well established
(Dubovik and King, 2000; Dubovik et al., 2002, 2006). Be-
sides these products, column values of the volume—specific
backscatter and extinction coefficients separately for spher-
ical and non—spherical particles in the fine—mode as well as
in the coarse—mode can be estimated. These volume—specific
backscatter and extinction values are important input data for
LIRIC.

The spheroidal particle model as introduced by Dubovik
et al. (2006) is successfully applied to the inversion of
AERONET sun—sky photometer data to properly derive mi-
crophysical properties of desert dust. However, the way
the spheroidal particle model influences the AERONET re-
trievals of dust properties is quite different from the way,
the spheroidal particle model influences lidar applications
and therefore the LIRIC results. In the case of AERONET,
the complete phase function is fitted to the almucantar sky—
brightness data such that the phase function reproduces the
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almucantar data. In contrast, lidar backscatter data are repre- ss
sentative of the sky brightness at just one scattering angle of
exactly 180°. Whether the spheroidal particle model is appli-
cable to lidar observations remains an open question as dis-
cussed in the introduction. Uncertainties in the estimation of
volume—specific backscatter and extinction coefficients, re-
quired for LIRIC, arise also from the fact that sun—sky pho-
tometer measurements of almucantar usually end at a 150° s
scattering angle. The AERONET model was extended to a
phase function angle of 173° on the basis of laboratory mea-
surements of light scattering by dust (Volten et al., 2001).
Direct observations of the sky brightness at 180° scattering
angle cannot be made, so that all lidar-backscatter—related sss
AERONET values are model-based quantities.

3 Method

340
3.1 Data preparation and processing

The basic structure of LIRIC is shown in Figure 1. In our
study we used the LIRIC version from autumn 2012. The
lidar database for LIRIC consists of background—corrected,
elastic—backscatter lidar signals P(\;,z;) for different laser

wavelengths A;:
345

O(\j,2;
% [ﬁaer(/\j,zi) +Bmol(/\j7zi)]

3

P(\j,zi) = Eo(A;)

X exp _2/[aaer(/\jaz)+O¢mol(>\j7z)]dz (D
0

Ey is the system constant and considers, e.g., the outgo-
ing laser pulse energy, collection area of the telescope, op- sso
tical efficiencies of the transmitter and receiver units, pho-
ton detection efficiency, and vertical thickness Az of the
backscattering range cell. O()\;,z;) describes the incom-
plete overlap of the laser beam for wavelength A; with the
RFOV. z; denotes the vertical range between the lidar and sss
the backscattering range cell. The near-range measurements
are influenced by the changing laser—beam RFOV overlap.
This effect is corrected by use of measured overlap functions
O(\;,7;) as mentioned in Sect. 2.1. Saer and Bior are the
particle and Rayleigh backscatter coefficients and e and sso
amel the particle and Rayleigh extinction coefficients, re-
spectively. Besides the three elastic—backscatter signals the
cross—polarized lidar return at Ay =532 nm

O(Xo,2;
PO, = Boa) P02 (5 024 (e, 20)

1
2

X exp 72/[aacr()\j,z)+am01()\j,z)]dz )

0
370

is used.
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After range and overlap correction the four signals are av-
eraged over a given time period (of minutes to hours, depend-
ing on the variability of the aerosol conditions) to increase
the signal—to—noise ratio. The corrected lidar signals
PPN 20) %

O(Aj,z:)
form the basic lidar input data set in the LIRIC data anal-
ysis. Here PP()\;,z;) with p=|| + L or p=_ denotes the
total backscatter signal and the cross—polarized signal (for
A =532 nm), respectively. For simplictiy, we omit index p in
terms (as in Eq. (1) when p=|| + 1).

The minimum measurement height zy, and the refer-
ence height zn must be defined. For heights below zp,,
the retrieval assumes constant microphysical and height—
independent particle backscatter and extinction conditions as
large as the values observed at the minimum measurement
height (Mattis et al., 2004). Above zy the contribution of
aerosol particles to the AOT is assumed to be negligible.

The following quantities are then introduced in the LIRIC
procedure (see Figure 1, green box):

Pr (A2
L7 (0 50) = R (B ) + Bt .22
n+1
xexp | —2 Z Omol (Aj,2:) Az
L =N

Pcpor(/\j7zi) = (3)

“)

[ ger()\j’ZTL)—i_ﬁﬁlol()\j’zn)]

[ n+1

X exp 2Zaaer()\j,zi)Az
L i=N

)

with the vertical range cell Az which describes the range
resolution of the lidar measurement. L*(\;,z,) and
L**+()2,2,) can be easily computed from the measured sig-
nal ratios by using height profiles of Rayleigh backscatter
and extinction coefficients. The actual molecular optical
properties are obtained from atmospheric temperature and
pressure profiles by using a standard atmosphere model, in-
formation from a nearby radiosonde, or numerical weather
prediction products. In this study, we applied the U.S. stan-
dard atmosphere model and adjusted it to actual surface
temperature and pressure observations. The cross—polarized
Rayleigh backscatter coefficient S | contributes <1% to
the total molecular backscatter coefficient. Negligible par-
ticle depolarization (8.5, = 0) is assumed at the reference
height z). As a LIRIC start value at zy, we assume a
backscatter ratio of total (particle + Rayleigh) to Rayleigh
backscattering of 1.1 at z for all three wavelengths. How-
ever, the final backscatter and extinction profiles may not
show these backscatter ratios of 1.1 at height zx at the end
of the LIRIC data analysis. The LIRIC code is designed
as a Least—Square—Method—based statistically optimized re-
trieval procedure (Dubovik and King, 2000; Dubovik, 2004)
as explained below and searches for lidar profiles of parti-
cle optical and microphysical properties that best match the
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AERONET column—integrated findings. The calculation of 415
L*(Xj,z,) and L*+(Xg,2,) starts from z, = z_; down-
ward towards the minimum measurement height zx,, with a
resolution of 15 m.

Eq. (4) shows that L*();,2,,) and L**(\a,2,) are mainly
determined by height profiles of particle optical properties. 420
These aerosol profiles are also estimated by means of aerosol
products retrieved from the photometer observations. Com-
paring these profiles to the lidar measurements allows us to
retrieve profiles of the particle volume concentrations. For
this task, the expressions L(\;,2,) and L (A2, 2,,) similar s
to L*(\j,2,) and L**+(\2,2,) from Eq. (4) are introduced
(see Figure 1, orange box):

LP(A]"ZH) = [ aer, e()‘]’zn)+/8mol()\]’zn)]
n+1
X exp l2 Z Qger,e(A2,2i) Az

i=N

430

&)

The particle backscatter and extinction coefficients Baer.c
and ouer e (index e for estimate from photometer observa-

tions), respectively, are defined as 435
Baer,e(A,2) = Cr1(2)b, 1( )+Cf 2(2)bg 2(N)
+Cc1( 1 (A) +Ce2(2)be 2(N), (6)
rere(M2) = Cra(2)by. ( )+ Ce2(2)bea(N), (7)
aaene(/\v z) = Of 1(Z)af,1(>‘)+cf 2(2)ag2(A) o
+Ce,1(2)ac1(N) +Cea(2)ac,2(N) (8

with the particle volume concentrations C,, 5(z) for particle
mode m (index f for fine mode and index ¢ for coarse mode)
and particle shape parameter s with s =1 for spherical par- 45
ticles and s = 2 for non—spherical particles. C,, s(z) are the
variables that have to be optimized in the LIRIC data analy-
sis. The procedure is outlined in detail in Chaikovsky et al.
(2008, 2012) and Wagner (2012). In Egs. (6)—(8), the col-
umn mean values of the volume—specific particle backscatter 4o
coefficients b and b* and extinction coefficient a are defined
as (see Figure 1, yellow boxes to the left)

Text,m,s(A)wm7s(>\) m, g()\ C"') - 1800)

) = o SO
with
Frns(\,©=180°) = Fi1 n.5()\,0=180°), (10) %
Fit 2,0 =180°) = S[Fu1 . 2(A2, 0 = 180°)
— Fho m,2(X2,©=180°)], (1D
and 460
am s () = 2 o (12)

Fi1 and Fyo are the first and second diagonal elements of
the scattering matrix, respectively, Text denotes the extinction sss
optical thickness, and w the single—scattering albedo. From

photometric measurements (see Figure 1, yellow box) the re-
trieved fine-mode and coarse-mode volume concentrations
Vin,s, the complex refractive index (real part n,, imaginary
part n;), the size distribution, and the volume fractions of
spherical particles (denoted as sphericity in the AERONET
data base) are required to solve Eqgs. (9)—(12). These quan-
tities are obtained by means of the AERONET inversion al-
gorithm. The non—spherical particles are described with the
spheroidal particle model after Dubovik et al. (2006).

Several simplifying assumptions are made. The
refractive—index characteristics is the same for fine and
coarse particles. The ratio of spherical to spheroidal particles
(in terms of volume concentration) is also assumed to be the
same for fine mode and coarse mode. However, the ratio can
vary with height in the case of coarse-mode particles in ac-
cordance with the vertical distribution of non—spherical par-
ticles as indicated by the cross—polarized 532 nm backscat-
ter signal. The ratio of spherical to spheroidal particles is
height—independent for fine-mode particles in order to keep
the set of input parameters as small as possible. Under the
assumption of randomly oriented spheroids in the particle
mixture F1, Fba, Text, and w are provided for the lidar wave-
lengths by solving the vector radiative—transfer equation for
a plane—parallel multi-layered atmosphere (Dubovik et al.,
2006).

These simplifications may introduce considerable uncer-
tainties, e.g., when spherical sulfate particles (fine mode)
are present in the vertical column together with irregularly
shaped volcanic dust particles (coarse mode) so that the
refractive—index characteristics as well as the ratio of spher-
ical to non—spherical particles are very different for fine and
coarse particle fractions. Such a situation occurred after the
Eyjafjallajokull volcanic eruption and is discussed in the next
section.

It remains to be mentioned that b,,, s(\) can be expressed
by am,s(A)/Sm,s(A) with the extinction—to—backscatter ratio
(lidar ratio)
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Win,s(A) Fin,s(A,© =180°) (13

Sim,s(A) =

The lidar ratio is an essential lidar parameter in the character-
ization of aerosol particle mixtures and types (Miiller et al.,
2007).

As mentioned, LIRIC is based on the Least Square Method
(LSM) for the statistically optimized inversion of multi-
source data (Dubovik and King, 2000; Dubovik, 2004). It
is out of the scope of this paper to describe the entire LIRIC
data processing scheme in detail. As part of the LIRIC op-
timization process the difference between the AERONET-
related expression LP(\;,z,) and the lidar—derived expres-
sion L*P(\;,z,) is minimized with respect to the particle
volume concentrations C',, s (Figure 1, orange box, center).
Also, the photometer—derived column volume concentrations
Vin,s must agree with the corresponding integrals over the
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respective concentration profiles (Figure 1, orange box, cen-
ter):
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N

Wn,s = m,s(ZNO)ZNO + Z [CM,‘?(ZZ)}AZ
=Ny

(14)

Here, C,,, s(zn,)2n, describes the contribution of the lower-
most tropospheric layer (below the lowermost lidar measure- sps
ment height zx,) to the volume concentration profile. For
heights < zy, the values are set constant and equal to the
value at zp,.

The LSM-based statistical retrieval procedure requires co-
variance matrices of the lidar signal measurement errors (as
a function of height). Details to the signal noise estimations s
for the observations cases shown here are given by Wagner
(2012). To assure optimized profiles, the optimization pro-
cess is performed within the error margins following princi-
ples of statistical estimation theory (Eadie et al., 1971). More
information about the LIRIC data analysis can be found in
Chaikovsky et al. (2008, 2012) and Wagner (2012).

To characterize the uncertainties in the LIRIC results the
input parameters are varied. In Sect. 4, only errors are shown s3s
(as error bars) that originate from the LIRIC data procedure
itself and the related input (regularization parameters). To
obtain a characteristic error introduced by the LIRIC method,
5-10 runs were performed with realistic, but well selected
regularization parameter sets. These results were used in the
estimation of the standard deviation of the entire uncertainty
range (of possible LIRIC solutions). 540

Retrieval uncertainties caused by uncertainties in the input
lidar profiles via uncertainties in the overlap correction, by
selecting the minimum und maximum height of the LIRIC
vertical range, and uncertainties in the particle backscatter
coefficient at the reference height are discussed in Sect. 4
as well. However, the reference height is chosen in a range **°
where particle backscattering does not contribute much to the
lidar signal so that the impact on the uncertainty of the LIRIC
results is low. The minimum height is selected such that the
overlap correction above this height is trustworthy so that the
influence of overlap correction uncertainties is kept as low
as possible. The minimum measurement height is typically %°
set into the lower to central part of the well-mixed bound-
ary layer. The aerosol concentrations below the minimum
height are assumed to be height-independent in the well—
mixed layer, and the impact of this assumption on the re-
trieval uncertainty should therefore be small. In other words,
these parameters are already optimized during the lidar signal
preparation phase and values other than the chosen lidar data sss
parameters would lead to worse and usually unreasonable re-
sults in terms of backscatter and extinction profile structures,
and can thus easily be sorted out.

Finally, the mass concentrations M¢(z) and M.(z) for
fine—-mode and coarse—mode particles, respectively, can be
calculated from the particle volume concentrations C,, s(2):

Mi(2) = p1Ct1(2) +p2Ct 2(2), (15)
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Mc(2) = p1Ce.1(2) +p2Ce2(2).

Estimates of the particle densities p; and ps (assumed to be
height—independent) are required. Appropriate values of p;
(mainly sulfate aerosol) and p- (desert and volcanic dust) can
be found, e.g., in Ansmann et al. (2012). The final products
of the LIRIC data analysis are summarized in the blue box in
Figure 1. To better compare the LIRIC results with the prod-
ucts of the POLIPHON method (Sect. 3.2), mass concentra-
tions for spherical and non—spherical particles are computed
in addition:

Mi(z) = p1[Cra(2) +Cca(2)],
Ma(2) = p2[Cr 2(2) + Cc2(2)] .-
From the LIRIC backscatter and extinction coefficients af-

ter Egs. (6) and (8), the lidar ratio profiles for the different
wavelengths can be computed,

(16)

a7)
(18)

aaer,e()‘72)

Saer,e )\72 = 5 N N (19)
( ) Baer,e(/\az)
Several Angstrom exponents (Angstrom, 1961),
1 e A ) e )\ Y
&xe(Ah)\Qaz):_ H[I ( 1 Z)/ZE ( 2 Z)] (20)

111()\1/)\2) ’

with A\; < A9 can be calculated from the profiles of the
particle backscatter (zo = Bacr,e) and extinction coefficients
(Te = aaer,e)'

The photometer data in combination with the applied par-
ticle scattering model (for spherical and spheroidal particles)
permit the retrieval of column—mean backscatter coefficients
as a function of the polarization state with respect to the in-
cident laser light:

b-(\) = b#:l (A)+ b#,‘z(/\) + bi:l (M) + béz@\) )
bl (0) = b, (\) b ,(\) L (A +0l, ().

For spherical particles the contributions to light depolar-
ization are negligible so that b (A) =0 and b, (X) = 0.
As mentioned, only non-spherical particles (desert dust,
volcanic dust) cause significant depolarization. Instead of
Eq. (6), we can write:

@D
(22)

aler,e()‘vz) = Cf,Q(Z)bfLQ()‘) +CC,2 (Z)bcL,Q(AL (23)
Bl e(Nz) = Cra(2)b] (N +Cra(2)b] ,(A)
+Cen (2], (N + Cea (2D, (N, 24)

so that we finally obtain the particle linear depolarization ra-
tio:

6aer,e(>\) = ;r,e()‘)/ﬂzlier,e()‘) :

The photometer—derived profiles of the lidar ratio, Angstrom
exponents for backscatter and extinction, and depolarization
ratio can be compared with the respective results directly de-
termined from the Raman lidar observations (Ansmann et al.,

(25)
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1992; Mattis et al., 2004; Tesche et al., 2009a). This compar- e1s
ison is presented in Sect. 4.

With respect to the retrieval of mass concentration for dust
particles, we can summarize that LIRIC uses photometer—
derived volume-specific backscatter and extinction coeffi-
cients for spherical as well as non—spherical particles for sz
both fine and coarse modes. This AERONET informa-
tion (column—integrated values) is then applied to determine
height profiles of volume and mass concentration of spheri-
cal and non-spherical fine—-mode particles and spherical and
non-spherical coarse-mode particles by minimizing the dif-e2s
ferences between the modelled lidar profiles L(A,z) and the
measured lidar profiles L*(\,z). The important point is that
LIRIC is based on the assumption that non—spherical parti-
cles can be described by a spheroidal particle model. This
may significantly affect the backscatter—coefficient, lidar—
ratio, and depolarization—ratio retrievals (Gasteiger et al.,
2011a; Miiller et al., 2012), and thus the derived particle vol-
ume and mass concentrations. The implication of the model s
assumption on a spheroidal particle shape is discussed in
Sect. 4 by comparing the LIRIC output with results obtained
by means of the POLIPHON technique.

3.2 Determination of particle mass concentrations by s
means of the POLIPHON technique

An alternative approach for the retrieval of particle volume
and mass concentration profiles is the single-wavelength
POLIPHON technique (Ansmann et al., 2012). The method s
is based on measured profiles of the particle linear depolar-
ization ratio and the lidar ratio at 532 nm and does not re-
quire the assumption of a specific particle shape. In this
depolarization-ratio-based method it is assumed that the
fine—-mode-related backscatter and extinction coefficients are ess
exclusively caused by non—depolarizing spherical particles
(i.e., fine—mode fraction) and that the coarse mode consists
of strongly light—depolarizing non—spherical particles only.
Spherical coarse particles as well as non—spherical fine—
mode particles are thus ignored in this method. If the par-eso
ticle depolarization ratio is >0.31 in Saharan dust layers, the
fine—mode particle fraction is set to 0%. If the 532-nm de-
polarization ratio is <0.02, the coarse-mode fraction is set
to 0%. For depolarization ratios from 0.02 to 0.31 we use
the method described by Sugimoto et al. (2003) and Tesche ess
et al. (2009a) to compute the height profiles of the backscat-
ter coefficient B,er,1 of spherical particles and of Saer2 of
non—spherical particles at A =532 nm. For volcanic dust, the
data analysis is the same, except the volcanic depolarization
ratio is set to 0.34 (Ansmann et al., 2012). 660
As it is the case for the LIRIC method, the POLIPHON
technique makes use of photometer—derived volume—specific
extinction coefficients a¢ and a. for fine-mode and coarse—
mode particles (Eq. (12)). The values for a¢ and a. can di-
rectly be computed from volume concentrations V; and V. ess
and AOTS 7exy ¢ and 7oy . downloaded from the AERONET

website. The parameters a¢ and a,. are almost insensitive to
particle shape effects (Dubovik et al., 2006), in contrast to
scattering properties computed for a scattering angle of 180°
(as required in the LIRIC data analysis). The reason is that
small-angle forward scattering mainly contributes to parti-
cle extinction and that the corresponding phase function seg-
ments for spheroidal and spherical particles are very similar
(Dubovik et al., 2006).

The mass concentrations M for spherical particles (fine
mode) and M5 for non—spherical particles (coarse mode) are
estimated as follows:

Ml( ) /Jl(Vf/Text f)ﬂaer 1( )Saer,l

P1(af_ )Baer,1(2)Saer,1, (26)
Mz() Pz( /Textc)ﬁaerz( )Saer,2

= pa(ac ") Baer.2(2)Saer.2- (27)

According to these equations, appropriate (actual) lidar ra-
tios Saer,1 and Sper,2 are needed and obtained from the Ra-
man lidar measurements or from combined photometer—lidar
observations (Ansmann et al., 2011b, 2012). We use column
lidar ratios in the mass concentration retrieval, disregarding
that the Raman-lidar method provides lidar ratio profiles.
Besides particle densities p; and p,, temporal mean values
of the volume-to—extinction conversion factors V. ¢/ Text c
are determined and inserted in Eqgs. (26) and (27).

The main advantage of the POLIPHON method is that
a particle shape model for irregularly shaped dust particles
is not required. The particle depolarization ratio is used
to separate spherical and non—spherical particle fractions.
However, fine and coarse mode fractions as determined with
LIRIC may not be well represented by these spherical and
non-spherical particle fractions. A significant part of the
non-spherical dust particles may belong to the fine mode,
but are interpreted as coarse—mode particles when applying
POLIPHON, i.e, when the non—spherical particle fraction is
assumed to be identical with the coarse mode fraction. This
aspect is further discussed in the next section.

Table 1 provides finally an overview of the essential atmo-
spheric and lidar system parameters required in the LIRIC
and POLIPHON volume and particle mass concentration re-
trievals. From this comparison the contrast between the
methods becomes very clear. Overlap corrections are criti-
cal in LIRIC analysis because the lidar profiles as a whole
are set into context with the column—integrated particle in-
formation from AERONET observations. Overlap effects af-
fect the POLIPHON results only in the near range (incom-
plete overlap). Further important LIRIC assumptions are the
spheroidal particle model and also the refractive—index char-
acteristics because they sensitively influence the computation
of the volume-specific backscatter coefficients (Gasteiger
et al., 2011a) required in the LIRIC analysis scheme. As
mentioned the volume-specific extinction coefficients used
in both the LIRIC and the POLPIHON methods are almost
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insensitive regarding particle shape effects (spheroidal ver-
sus spherical particle model) so that the POLIPHON results 720
are favorable to study the influence of the applied spheroidal
particle model on the LIRIC mass retrieval. The other as-
sumptions and input parameters in Table 1 are less critical
and introduce only minor uncertainties in the mass concen-
tration retrieval. A critical aspect remains in the case of hy-
groscopic volcanic dust (Ansmann et al., 2012). As will be
discussed below, at high relative humidities a part of the vol- 725
canic coarse dust may become spherical and may then be
counted as fine-mode aerosol. Under these conditions, the
volcanic dust concentrations will be underestimated.

730

4 Results

Two case studies are presented in the following. A strong
Saharan dust outbreak reached central Europe in the end of
May 2008. Anthropogenic and dust particles were almost73s
perfectly separated with height. Urban haze occurred in the
lowermost 700 m of the atmosphere, whereas desert dust was
observed from 1-6 km height. Mixing was prohibited by
a strong temperature inversion layer at the top of the haze
layer. The fine—mode fraction (FMF, ratio of fine—mode AOT 740
to total AOT) was 0.20-0.25 and the spherical—particle vol-
ume fraction (sphericity) was estimated by the AERONET
retrieval to be 1.7%. Thus, practically all particles were irreg-
ularly shaped dust particles. Under these conditions, all sim-
plifying LIRIC assumptions such as same refractive—index 74
characteristics and same ratios of spherical to non—spherical
particles in both particle modes are widely fulfilled so that
optimum conditions are given to study the impact of the
spheroidal particle model on the retrieved profiles of dust op-
tical and microphysical properties. 750
In contrast, the second case observed over Leipzig after the
Eyjafjallajokull volcanic eruption in April 2010 deals with
an aged volcanically disturbed air mass with vertically com-
plex aerosol layering and mixing of spherical sulfate parti-
cles (fine mode) and non—spherical volcanic dust particles 75
(fine—-mode and coarse-mode particles). The volcanic parti-
cles may have been partly spherical because of water uptake
at high relative humidity. In contrast to the Saharan dust case,
the FMF was close to 0.8. Fine—mode particles dominated
particle backscattering and extinction. The contribution of 760
spherical particles to the particle volume concentration was
of the order of 15% according to the AERONET retrievals.
Very different refractive—index characteristics and very dif-
ferent ratios of spherical-to—non—spherical particles in fine
mode and coarse mode can be expected. All basic assump- 7es
tions of the LIRIC/AERONET approach, as listed in Table 1,
were probably considerably violated. This second, complex
aerosol case may especially show the limits of the synergy
of column—integrated and profile observations. These two
observational cases were already discussed in detail by Ans-77
mann et al. (2012) so that the LIRIC method can be applied

J. Wagner et al.: Evaluation of LIRIC

to well-documented and quality—checked lidar/photometer
data sets.

4.1 Saharan dust

A long-lasting Saharan dust event was monitored with lidar
and photometer from 25-31 May 2008. The particle opti-
cal thickness at 500 nm showed values around 0.7 from the
early morning of 28 May 2008 to the early morning of 30
May 2008. Figure 2 shows lidar height—time displays of the
1064-nm range—corrected signal in the evening of 29 May
2008. Well stratified dust layers up to 5.5 km were found.
Persistent, long—lasting cirrus decks frequently occurred and
disturbed the AERONET sun—sky photometer observations.
A good opportunity to compare and combine lidar and pho-
tometer observations and to apply the LIRIC method was
given in the evening of 29 May 2008. At around 1730 UTC,
the sky was cloud—free during several successive AERONET
observations. Stable aerosol conditions (see discussion be-
low) throughout the following night enabled the determina-
tion of the full set of Raman lidar results and ensured a per-
fect framework for a critical assessment of the LIRIC results.

Because of these very constant aerosol conditions we av-
eraged all cloud—screened lidar profiles measured in the
evening of 29 May 2008, 2147 to 2315 UTC, to minimize
the impact of signal noise on the retrieval. The respective
1.5-hour mean profiles of the three particle backscatter co-
efficients at 355, 532, and 1064 nm computed with Eq. (6)
and the corresponding extinction profiles after Eq. (8) are
presented in Figure 3. In addition, the particle backscat-
ter coefficient computed from the cross—polarized 532-nm
backscatter signal is presented. This latter backscatter coef-
ficient considers only backscattering by non—spherical par-
ticles according to Eq. (7). Figure 3 also shows the cor-
responding profiles of the volume concentrations for fine—
mode and coarse—mode particles as retrieved with LIRIC. As
mentioned, the vertically integrated fine-mode and coarse—
mode volume concentrations must match the respective col-
umn values retrieved from AERONET observations.

As outlined above, the lidar was well aligned on this day
and the overlap function well characterized. The incomplete
overlap between laser beam and RFOV could be corrected
with sufficient accuracy down to zy, = 150 m height. The
reference height z was set to 9 km height. The 500-nm
AOT measured with the AERONET photometer was 0.73 at
1730 UTC and 0.70 in the next morning.

The particle backscatter coefficients show a weak reversed
spectral order (negative Angstrom exponent) in the dust layer
between 500 m and 5.5 km height and almost no wavelength
dependence in terms of the extinction coefficient. In the pol-
Iution layer below 600 m height, a strong decrease of the
backscatter and extinction coefficients with wavelength is
found according to Angstrom values of around 1.5. The vol-
ume concentration profiles show a dominant coarse particle
mode in the height range from 600 m to 6 km. The fine—
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mode particles predominantly occur in the boundary layer
below 600 m and another weak accumulation of fine particles

is found around 2 km. The reversed backscatter spectrum in
the dust layer may be caused by the use of the spheroidal sz
particle model in the LIRIC/AERONET retrieval as further
discussed below.

As mentioned the error bars in Figure 3 only account for
uncertainties in the input parameters of the LIRIC procedure,
and not for uncertainties in the basic lidar signal profiles. We sss
estimated a potential impact of the overlap correction by us-
ing three different, but reasonable overlap profiles and found
that the results shown in Figure 3 varied by up to 25% in
the lowermost 1500 m and on the order of 5% in the aerosol
layers up to 3500 m. Variations of the reference height and s«
minimum measurement height in the LIRIC data analysis by
+1 km lead to variations in the backscatter and extinction co-
efficients by up to 50% in the lowermost 1500 m and around
15% in the aerosol layers. However, many of these result-
ing LIRIC profiles then show, e.g., a constant, but unrealistic sss
offset above the main aerosol layers (around the reference
height) and can thus be sorted out by visual inspection. Nev-
ertheless, a careful study of the impact of the overlap cor-
rection and setting of the minimum and reference heights is
an important part of the lidar data analysis and an important sso
prerequisite for high—quality LIRIC products.

Figure 4 shows a comparison of the LIRIC backscat-
ter coefficients at 532 nm with respective backscatter pro-
files directly retrieved from the Raman lidar observations
(total backscatter coefficient, for simplicity denoted assess
POLIPHON curves) and derived by using the separation
method of Tesche et al. (2009a) for the spherical and non—
spherical particle fractions. As can be seen, the total
backscatter coefficients agree well. The respective 532 nm
extinction coefficient in Figure 3 is however overestimated sso
by 10%-20% in the dust layer when compared to the di-
rect Raman lidar observation (not shown) and thus also the
dust extinction—to—backscatter ratio is overestimated (more
details are given below).

In the central and left parts of Figure 4, the LIRICsss
backscatter coefficient for non-—spherical and spherical
particles are shown and compared with the respective
POLIPHON result. In addition, the LIRIC backscatter pro-
files for the fine mode and coarse mode are given. The
sphericity as provided by the AERONET retrieval plays ansno
important role in the LIRIC data analysis. The spherical par-
ticle volume fraction is 1.7% after AERONET and finally
0.1% in the LIRIC data set. According to the POLIPHON
volume concentrations the sphericity is 8.5%. As a conse-
quence, the LIRIC non-spherical particle backscatter coeffi- s7s
cients are slightly larger than the respective POLIPHON val-
ues in the lofted Saharan dust layer and considerably larger
in the haze layer below 700 m height. By comparing the
LIRIC coarse-mode backscatter profile with the one for non—
spherical particles we obtain an impression how much of the sso
backscatter is caused by non—spherical fine—mode particles.

Because of the low AERONET sphericity value the backscat-
ter coefficient for spherical particles is almost zero at all
heights. In contrast, the respective POLIPHON curve shows
that spherical particles considerably contributed to backscat-
tering in the haze layer. This fine—mode backscatter in the
lowermost 700 m is attributed to non—spherical particles af-
ter LIRIC (see center plot in Figure 4).

Figure 5 shows the LIRIC mass concentration pro-
files, separately for non—spherical and for spherical par-
ticles (Egs. (17)—(18)) and for fine-mode and coarse
mode (Egs. (15)—(16)). The LIRIC profiles are compared
with respective POLIPHON profiles for non—spherical and
spherical particles (Egs. (26)-(27)). Particle densities of
p2 = 2.6 g/lcm® and p; = 1.6 g/cm® are assumed for non—
spherical and spherical particles, respectively. As can be
seen, a good agreement of the LIRIC and POLIPHON re-
sults for non—spherical and coarse-mode particles is found.
The slightly larger LIRIC values are again caused by the low
LIRIC sphericity value of 0.1% which leads to an overesti-
mation of the non—spherical particle volume fraction (com-
pared to the POLIPHON volume concentrations). This good
agreement suggests that the non—spherical (light depolariz-
ing) particle fraction well represents the coarse mode in the
particle volume and mass retrievals in this case of a strong
Saharan dust outbreak.

As a further consequence of the low AERONET spherictiy
value the mass concentration for spherical particles is almost
zero (not visible in the right plot of Figure 5), whereas the
POLIPHON approach suggests a considerable mass concen-
tration of spherical, roughly as large as the LIRIC fine-mode
mass concentration. The POLIPHON results are more real-
istic. It is at least unrealistic to assume that the mass concen-
tration of non—depolarizing urban haze over the central Euro-
pean city of Leipzig was negligible in the lowermost 700 m
of the atmosphere on this specific day with a huge Saharan
dust outbreak.

The sphericity parameter is of central importance in the
separation of dust (non—spherical particles) and non—dust
volume and mass concentrations with the LIRIC method.
The spheroidal particle model can thus be regarded as one
uncertainty source leading to too low sphericity values. How-
ever, it is also possible that the POLIPHON pure dust de-
polarization ratio of 31% used in the separation of dust and
non—dust aerosol components is too high. Lower threshold
values (below 30%) lead to a decrease of the POLIPHON-
derived sphericity, i.e., to an increase of the contribution of
non-spherical particles to the observed optical effects. On
the other hand, as will be discussed below, the use of the
spheroidal particle model causes too low dust depolarization
ratios when compared with directly measured depolarization
ratios for desert dust (Miiller et al., 2010b, 2012; Gasteiger
et al., 2011a) and thus a too large sphericity value.

The applicability of the spheroidal particle model is fur-
ther illuminated in Figures 6 and 7. LIRIC results for the
intensive particle parameters such as particle lidar ratio, de-
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polarization ratio, and Angstrém exponents are shown and
compared with direct Raman lidar observations. The 532
nm lidar ratios (LIRIC, Eq. (19)) are determined by dividing
the 532 nm extinction coefficients by the 532 nm backscatter sso
values in Figure 3. The Angstrom exponents are computed
from the 355, 532, and 1064 nm backscatter and 355 and 532
nm extinction coefficients in Figure 3 by means of Eq. (20).
In the case of the LIRIC particle depolarization ratios, the
backscatter coefficients computed from the cross—polarized sss
and total signals shown in Figure 3 are used according to
Eq. (25).

As can be seen, the particle lidar ratio in the dust
layer and the spectral slope (or Angstrom exponent) of
the dust lidar ratio are systematically overestimated by
the LIRIC/AERONET approach and correspondingly the
backscatter—related Angstrom exponent is clearly underesti- %o
mated. In addition, the values of the particle depolarization
ratio in the lofted dust layer are systematically lower than
the directly measured ones. These discrepancies are in full
agreement with the findings from the SAMUM observations
in southern Morocco (Gasteiger et al., 2011a; Miiller et al., 95
2010b, 2012). These deviations of LIRIC profiles from the
measured values (Raman lidar) clearly point to the spheroidal
particle model as main error source. Directly observed lidar
ratios for 355 and 532 nm are around 50-55 sr in Figure 6.
These values are typical for the western Saharan dust (Tesche s
et al., 2009b; Schuster et al., 2012). The LIRIC backscatter
and extinction profiles lead to dust lidar ratios of 78-80 sr
(355 nm) and 60-62 sr (532 nm) in the height range from
1500-3000 m (center part of the dust layer).

However, the lidar ratio (or better the particle backscat- sss
ter coefficient) depends in a complicated way on the chemi-
cal composition (refractive—index characteristics), size dis-
tribution, particle shape, and aspect ratio (particle length—
to—width ratio) distributions. It remains an open question
to what extent the spheroidal particle model is responsible 7o
for the observed systematic bias in the Angstrém exponents
and lidar ratios. Furthermore, the a priori AERONET input
data are provided as column values, ignoring the observed
aerosol layering with a lofted dust aerosol layer above the
central European haze layer. As a last point, in LIRIC thess
same refractive index is used for both fine—-mode and coarse—
mode particles, disregarding the fact that fine—mode sulfate
particles and coarse-mode desert dust particles show differ-
ent scattering and absorption properties including respective
wavelength dependence. 980

The depolarization ratio strongly depends on particle
shape. During SAMUM, dust depolarization ratios were
around 0.23-0.25 (355 nm) and 0.30-0.35 (532 nm). Miiller
et al. (2010b, 2012) found 20% (355 nm) to 30% (532
nm) lower particle depolarization ratios from the SAMUM sss
AERONET computations assuming spheroidal particles with
smooth surfaces. Very similar deviations are shown in Fig-
ure 7. Gasteiger et al. (2011a) studied the depolarization ra-
tios for spheroids with smooth surfaces and spheroids with
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deformations (rough surfaces) based on modelling. The de-
polarization ratio increases by 20%-30% when spheroids
with rough surfaces are assumed. Spheroids with surface
deformations also better reproduce the measured lidar ra-
tios (reducing the overestimation) than spheroidal particles
with smooth surfaces. It remains to be mentioned that fine—
mode spheroidal particles produce a particle depolarization
ratio about 5%-6% as can be seen in Figure 6 (right panel) at
heights below 500 m (LIRIC profiles).

4.2 Volcanic ash on 19 April 2010

In April 2010, an aged volcanic aerosol layer consisting of
a mixture of volcanic dust, volcanic sulfate particles, and
anthropogenic haze occurred over central Europe. These
aerosol conditions provided a unique opportunity to apply the
LIRIC approach to another type of irregularly shaped aerosol
particles. In contrast to desert dust, volcanic dust is hygro-
scopic (Lathem et al., 2011) so that changes in the shape
characteristics by water uptake cannot be excluded when rel-
ative humidity is high (i.e., >70%) (Ansmann et al., 2012).
As a consequence, spherical particles may occur not only
in the fine—mode, but also in the coarse—mode fraction, and
thus may complicate the interpretation of POLIPHON results
and the comparison with LIRIC results. The contribution of
spherical particles to the particle volume concentration was
about 15% according to the AERONET data analysis.

The volcanic layers observed on 19 April 2010 originated
from the Eyjafjallajokull volcanic eruptions on Iceland on
14 April 2010 (Ansmann et al., 2011a; Schumann et al.,
2011). Figure 8 shows the situation in the afternoon of 19
April 2010. The 500 nm AOT was about 0.7, and the FMF
about 0.8. The well-mixed boundary layer reached to 1000—
1400 m height on that day. Above the boundary layer another
layer of 1500 m thickness occurred mainly consisting of vol-
canic dust. Between 3.8 and 5.5 km height a further dust
layer was detected consisting of fine—-mode and coarse-mode
particles. At heights around 9 km a cirrus layer developed af-
ter 1500 UTC. Photometer measurements at cloud—free con-
ditions became almost impossible after 1600 UTC.

Figure 9 shows the LIRIC products in terms of profiles
of particle backscatter coefficient, extinction coefficient, and
particle volume concentration for the fine-mode and the
coarse-mode fraction. LIRIC calculations were performed
with cloud—screened lidar signal profiles for the time period
from 1435-1536 UTC on 19 April 2010. The considered
photometric measurements were taken at 1449 UTC. Lidar
signals were only used up to 8.25 km height (reference point)
because of cirrus cloud evolution above this height. The min-
imum measurement height zy, was set to 600 m.

According to the volume concentration profiles in Fig-
ure 9, a strongly varying mixture of fine-mode and coarse—
mode particles was observed throughout the troposphere.
Cumulus cloud development at around 1345 UTC at 1 km
height (see Figure 8) indicates high relative humidity of
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>80% close to the top of the boundary layer. Thus particleioss
water—uptake effects must be taken into account in the data
interpretation. The relative humidity was about 60% in the
lofted layer from 1.5-2.8 km and less than 30% in the layer
above 3.5 km height around 15:00 UTC (Ansmann et al.,
2012). After 16:00 UTC, the relative humidty increased andioso
was high up to 2.8 km height.

The backscatter and extinction coefficients retrieved with
LIRIC show a pronounced, fine-mode—dominated wave-
length dependence from 1-2.2 km. Above 2 km the backscat-
ter coefficients are nearly the same for all wavelengths,oss
caused by the dominating coarse—mode particle fraction. The
reversed backscatter wavelength spectrum at low heights (0—

1 km) is related to the presence of irregularly shaped volcanic
particles and the use of the spheroidal model to compute the
extinction—to—backscatter ratios. 1060

In a similar way as for the Saharan dust case, Figures 10
to 13 show the LIRIC results for this volcanic event in com-
parison with POLIPHON profiles and Raman lidar observa-
tions of optical properties of the particles. These compar-
isons are much more difficult to interpret than it was the caseioss
for the Saharan dust outbreak. Coarse—-mode volcanic dust
particles were mixed with fine—-mode sulfate particles. The
degree of mixing changed with height and strong gradients
in the aerosol concentrations were observed. In view of these
complex, height—variable aerosol conditions, a detailed errorioro
analysis (identification of specific uncertainty sources) is not
possible. The column-related, height-independent volume—
specific backscatter and extinction coefficients as derived
from the AERONET observations for the different aerosol
types introduce uncertainties in the LIRIC as well as theiors
POLIPHON results.

As can be seen in Figure 10, the profiles of the parti-
cle backscatter coefficients do not agree well with the ones
directly determined from the Raman lidar observations at
heights below 2 km. Part of the systematic deviations imoso
the lowermost 2 km may be caused by an erroneous cor-
rection of the overlap effect. The LIRIC backscatter coef-
ficients are based on the elastic backscatter signals and are
thus very sensitive to uncertainties in the overlap correction.
The Raman lidar backscatter values in Figure 10 are calcu-ioss
lated from signal ratios (ratio of elastic backscatter signal to
nitrogen Raman signal) so that the overlap effect (affecting
both signals in almost the same manner) widely cancels out.
As mentioned, the uncertainty in the overlap correction can
cause uncertainties of about 25% in the backscatter coeffi-ioso
cients for heights below 1.5 km height which then decrease
quickly with height.

The LIRIC and POLIPHON total backscatter coefficients
in the layers from 2-3 km and 4-5.5 km height agree well.
The spherical particle volume fraction was about 15% afterioss
AERONET, finally 16.8% in the LIRIC data set, and 55%
after POLIPHON. This means that the non—spherical par-
ticle fraction is much higher in the case of the LIRIC pro-
files compared to POLIPHON. As a consequence, the LIRIC
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non—spherical particle backscatter coefficients are, on aver-
age, larger in Figure 10 (central panel). A pronounced over-
estimation occurs in the layer from 1-2 km height. Conse-
quently a strong underestimation is found in the case of the
backscatter profile for spherical particles.

The comparison of the LIRIC coarse—-mode backscatter
profiles with the LIRIC non-spherical particle backscatter
profiles indicates that the coarse—-mode values are dominated
by spherical particles in the lowermost 1 km of the atmo-
sphere. Also the fine—mode particles are obviously mostly
spherical.

As a direct consequence of the strong difference in the
sphericity values, considerable deviations between the LIRIC
and the POLIPHON mass concentrations are visible in
Figure 11. If we eliminate the particle density impact
(p1 = 1.6 g/cm? for spherical particles and py = 2.6 g/cm?
for non—spherical particles) and show the volume concen-
tration profiles (the basic LIRIC product), the findings re-
main almost the same. Thus, a more basic comparison in
terms of volume concentrations is not needed here. As in
the case of the backscatter coefficients, the coarse-mode par-
ticle mass concentrations (LIRIC, POLIPHPON) agree rea-
sonably well above 2 km height, and strongly deviate in the
layer from 1-2 km height. The POLIPHON spherical par-
ticle mass concentrations at heights below 2 km are almost
a factor of 4 larger than the LIRIC/AERONET values. The
comparison of LIRIC coarse-mode and fine—-mode mass pro-
files with the LIRIC profiles for non—spherical and spherical
particles show that most of the non—spherical volcanic dust
particles in the 1-2 km layer belong to the fine—mode.

However, it must be kept in consideration in these
POLIPHON/LIRIC comparisons that also the POLIPHON
profiles are based on AERONET retrieval products (see
Sect. 3.2) and are thus uncertain. Further assumptions and
related uncertainties affect the accuracy (Ansmann et al.,
2011a, 2012). The respective relative errors are in the range
from 20%-50%, as indicated in Figure 11. Furthermore, if
a part of the volcanic particles change from non—spherical
to spherical shape at high relative humidity, the fine-mode
mass concentration will be overestimated and the coarse—
mode mass concentration underestimated.

Figures 12 and 13 show the comparison of the LIRIC re-
sults with the direct Raman lidar observations of the 532 nm
lidar ratio, particle linear depolarization ratio, and several
Angstrom exponents. Considering the complicated aerosol
situation with all the assumption uncertainties, the agreement
of the different lidar ratio profiles is reasonable. The differ-
ences between the depolarization ratios result from the as-
sumed sphericity of 16.8% (LIRIC) and derived sphericity
of 55% (POLIPHON).

The profiles of the Angstrém exponents show partly strong
deviations, especially in the case of the backscatter and li-
dar ratio values. A negative Angstrom exponent for the lidar
ratio, as observed with our Raman lidar, indicates an aged
aerosol with a high amount of comparably large fine-mode
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particles (Miiller et al., 2005; Nicolae et al., 2013). In such
aerosol situations, the lidar ratio at 355 nm is significantly
lower than the one at 532 nm. LIRIC retrieves the oppo-
site, a positive lidar—ratio—related Angstrom exponent. Suchiss
a complicated aerosol case can obviously not be adequately
handled by the LIRIC/AERONET data analysis scheme. The
found disagreement in the intensive aerosol parameters cor-
roborate our statement at the beginning of this section that
many basic assumptions of LIRIC are not valid under these,,
conditions.

5 Conclusions
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The LIRIC method was applied to two very different aerosol
scenarios to evaluate the potential and limits of the retrieval
of optical and microphysical properties of irregularly shaped
dust particles. This new technique makes use of a combina-
tion of aerosol profile measurements with three—wavelength
elastic—backscatter lidar and column—integrated aerosol ob-""
servations with spectrally resolved sun—sky photometers.

Before the LIRIC analysis scheme can be applied, a care-
ful overlap correction of the lidar signals is necessary, a rea-
sonable assumption regarding the aerosol optical properties
in the lowermost troposphere has to be made, and a careful '
Rayleigh backscattering and extinction computation based
on actual temperature and pressure profiles has to be per-
formed. It is essential that the entire troposphere is well cov-
ered by proper aerosol lidar observations. In general, the use
of lidars with at least two receiver units for near-range and'®
far-range observations is desirable to guarantee high—quality
LIRIC products. Vice versa, small lidars such as ceilome-
ters may cover the lowest heights only, but may not be able
to provide proper aerosol observations in lofted layers in the
middle and upper troposphere. LIRIC applications are diffi-'*®
cult in these cases, too.

A priori AERONET retrieval products are required and
can introduce signifiant uncertainties. The representation
of irregularly shaped desert and volcanic dust particles by
a size distribution of spheroidal particles is one important'®
error source. The use of the same refractive—index charac-
teristics for the fine and the coarse mode is another impor-
tant source of uncertainty. In the case of complex aerosol
layering and mixing the use of column—integrated (height—
independent) AERONET parameters causes further uncer-'1%
tainties in the LIRIC products.

The LIRIC aerosol profiles were compared with results ob-
tained with the single—wavelength polarization lidar method
POLIPHON and direct Raman lidar observation of basic par-
ticle backscatter and extinction properties. Two cases were
contrasted. A comparably simple, well stratified Saharan,,,
dust case in May 2008 with almost no spherical particles in
the tropospheric column was discussed first. Then a rather
complex case of layering of coarse volcanic dust and fine—
mode anthropogenic and volcanic sulfate aerosol in April

J. Wagner et al.: Evaluation of LIRIC

2010 was presented. A detailed discussion of the findings
and the potential impact of the assumed spheroidal particle
model was possible for the Saharan dust outbreak, but not
for the complex volcanic aerosol event.

In the Saharan dust case, typical uncertainty features (bi-
ases) for desert dust introduced by the use of the spheroidal
particle model were found in the LIRIC—derived optical
properties, similar to the ones observed during the SAMUM
campaign in the AERONET data. However, coarse-mode
particle mass concentrations obtained with LIRIC showed
acceptable agreement with an alternative retrieval method
which is not based on spheroidal particle assumptions. The
reason is most probably that specific extinction coefficients
are the basis in the mass concentration retrieval and extinc-
tion values are not very shape—sensitive.

In the complex volcanic aerosol case, also considerable
deviations of the LIRIC—derived optical properties from the
direct Raman lidar observations were found. Coarse-mode
particle mass values also deviated from the ones obtained
with the alternative POLIPHON technique. A detailed er-
ror analysis was not possible because of the very complex
aerosol scenario and the large number of assumptions and
critical LIRIC input parameters.

It is too early to draw general conclusions from the LIRIC
studies done so far in the framework of EARLINET and AC-
TRIS activities. More scenarios with very different aerosol
loadings, layering, and mixing including aerosol types from
marine, over urban and biomass—burning aerosol to mineral
and volcanic dust must be analyzed and discussed in order
to further improve the synergistic lidar/photometer analysis
techniques. Other particle shape models may be developed
and tested to better reproduce the 180° scattering properties
of irregularly shaped particles. Much more work of com-
parisons of LIRIC results, Raman lidar products, and also
independent airborne in situ aerosol observations would be
desirable. But in situ observations often suffer from inlet
problems (cutoff prohibits that large particles are detected)
and that particles are measured under dry rather than ambi-
ent humidity conditions.

Nevertheless, the presented two case studies demonstrate
that LIRIC is a powerful and promising tool for the retrieval
of optical and microphysical aerosol properties. As raw and
ready—to—use elastic—backscatter lidar signals serve as input
for the algorithm and photometric measurements are avail-
able through the AERONET website, an almost instanta-
neous and fast data analysis is possible. An automated ver-
sion of LIRIC is currently under development.
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Table 1. Atmospheric and lidar input parameters and assumptions
in the LIRIC and POLIPHON mass concentration retrievals as used
in the paper. Overlap correction has only an impact on POLIPHON
results for heights below about 2500 m.

Input parameter LIRIC POLIPHON

Overlap correction (x)
Minimum/Maximum heights

Rayleigh scattering, actual atmospheric profile

Reference backscatter coefficient

Refractive index, height-independent, same for fine and coarse mode
Column—mean sphericity, same for fine and coarse mode

Ratio of fine-mode spherical to non—spherical particles, height—independent
Particle size distribution, height-independent

Spheroidal particle model (in by,,s(A) computation)

Volume-specific backscatter coefficient b, s (), height-independent
Spheroidal particle model (in G.,,s(A) computation)

Volume-—specific extinction coefficient am, s (), height-independent
Particle densities, fine mode, coarse mode p1, p2

Particle lidar ratio, fine mode, coarse mode

Fine—mode particles = spherical particles only

Coarse—mode particles = non—spherical particles only
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Fig. 1. Basic structure of LIRIC. Photometric information (radiometer, top yellow box) is used to retrieve height-independent (column)
volume-specific backscatter and extinction coefficients b, s and a,,,s (center yellow box) for spherical (s = 1) and non—spherical particles
(s =2) of the fine mode (m = f) and coarse mode (1 = c). A lidar signal term L (orange box, top) can be calculated with LIRIC by using
profiles of backscatter and extinction coefficients (orange box, bottom) which, in turn, are calculated from the volume—specific coefficients
bm,s and am,s and profiles of particle volume concentration Cy, s (z). Deviations between the observed lidar signal term L* (green box) and
the LIRIC expression L are minimized in order to retrieve optimized Cy,s(2) profiles (orange box, center). As a constraint, the integrals
of the Cy,,s(z) profiles must match the respective column values V;, s as observed with AERONET photometer (orange box, center).
LIRIC products (blue box) are profiles of particle optical properties (e.g., backscatter and extinction profiles, Angstrém exponents, lidar and
depolarization ratios) and microphysical properties (e.g., volume concentrations C and C,; as shown as profiles). The mass concentrations
M and M. for fine and coarse mode, respectively, are not LIRIC products.
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1064-nm range-corrected signal, Leipzig, 29 May 2008

Fig. 2. Range—corrected signal at 1064 nm measured on 29 May
2008, 2147-2315 UTC (signal counts in logarithmic scale). The
vertical resolution of the lidar measurement is 60 m, the temporal
resolution is 30 s. The 500 nm AOT was 0.7-0.75 up to 6 km height

in the evening of 29 May.
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Fig. 3. Mean particle optical parameters (left: backscatter coef-
ficient, center: extinction coefficient) for three laser wavelengths,
backscatter coefficient for the cross—polarized 532 nm lidar channel
(left, 532¢ nm, dark green), and particle volume concentration pro-
files (right) for fine-mode and coarse—mode fractions retrieved with
the LIRIC method based on the lidar observations on 29 May 2008
shown in Figure 2. The vertical resolution is 15 m. The reference
height is set to zy = 9 km and the minimum measurement height
is zn, = 150 m. The error bars show the uncertainties (standard
deviation) of the LIRIC results (see discussion in section 3.1).
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Fig. 4. Comparison of LIRIC- and POLIPHON-derived parti-
cle backscatter coefficients observed on 29 May 2008. The blue
POLIPHON curves are taken from Figure 2 of Ansmann et al.
(2012). The error bars indicate the uncertainties of the retrieval
products as discussed in Sect. 3.1 (LIRIC) and in Ansmann et al.
(2011a, 2012) (POLIPHON).
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Fig. 5. Comparison of LIRIC- and POLIPHON-derived parti-
cle mass concentrations, observed on 29 May 2008. The blue
POLIPHON curves are taken from Figure 2 of Ansmann et al.
(2012). Error bars indicate the uncertainties (one standard devia-
tion).
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Fig. 6. Particle lidar ratio at 532 nm (blue circles) and particle de-
polarization ratio at 532 nm (blue curve) observed on 29 May 2008
with Raman lidar and derived by using the LIRIC profiles in Fig-
ure 3 (green curves). Raman lidar signals are smoothed with win-
dow lengths of about 1000 m in the case of the lidar ratio (blue
symbols). Errors bars indicate the uncertainties (one standard devi-
ation). The depolarization ratio profile is given with 60 m resolu-
tion.
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Fig. 7. Backscatter—related Angstrom exponent (AE-BSC),

extinction—related Angstrém exponent (AE-EXT), and lidar—ratio—
related Angstrom exponent (AE-LR) observed on 29 May 2008
with Raman lidar (blue circles) and derived by using the LIRIC pro-
files in Figure 3 (green curves). Solid green curve and closed blue
symbols show the Angstrém exponents for the 355-532 nm wave-
length range, dashed green curve and open blue symbols for the
532-1064 nm spectral range. As outlined by Ansmann et al. (2002),
AE-EXT=AE-BSC+AE-LR. Raman lidar signals are smoothed
with window lengths of about 1000 m in the case of extinction co-
efficients and the lidar ratio, and 60 m in the case of the backscatter
coefficients. Errors bars indicate the uncertainties (one standard de-
viation). LIRIC error bars are given for AE-EXT only.
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Fig. 8. Range—corrected signal at 1064 nm on 19 April 2010, 1332—
1743 UTC. The vertical resolution is 60 m, the temporal resolution
is 30 s. The 500 nm AOT was 0.7 up to 6 km height in the afternoon
of 19 April.
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Fig. 9. Same as Figure 3, except for a volcanic dust observation on
19 April 2010, 1435-1536 UTC with retrieval reference height of
zn = 8.25 km and minimum measurement height of zn, = 600 m.
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Fig. 10. Same as Figure 4, except for a volcanic dust observation
on 19 April 2010. The POLIPHON curves are taken from Figure 4
of Ansmann et al. (2012).
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Fig. 11. Same as Figure 5, except for a volcanic dust observation
on 19 April 2010. The POLIPHON curves are taken from Figure 4
of Ansmann et al. (2012).
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Fig. 12. Same as Figure 6, except for a volcanic dust observation on

19 April 2010, 1330-1530 UTC. Lidar signals are smoothed with

660 m vertical window length in the case of the Raman lidar solu-
tions for the lidar ratio.
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Fig. 13. Same as Figure 7, except for a volcanic dust observation
on 19 April 2010. LIRIC profiles are derived from Figure 9 (green
curves). Raman lidar observations (blue circles) were performed
from 1330-1530 UTC. Raman lidar signals are smoothed with win-
dow lengths of 660 m in the case of extinction coefficients and the
lidar ratio.



