(Author responses are in blue. In the tracked changes version deleted se-
quences are marked red. New text is marked in blue.) General Comment: We
want to thank the three reviewers for the detailed reviews with many useful ideas
and suggestions which, we think, have significantly increased the quality of the
manuscript. We have rewritten a substantial portion of the manuscript. We
restructured the outline of the manuscript. Section 2, formerly named “ALO-
MAR RMR Lidar” is now called “Instrument and Method” with subsections 2.1
“Processing of the raw data”, 2.2 “Calculation of backscatter ratios” and 2.3
“Identification of the stratospheric aerosol layer”. Section 3, formerly named
“Methodology” is now named “Calculating the backscatter ratio under daytime
conditions”. Section 4 contains the results of the paper. A “Summary and Con-
clusion” can be found in section 5. The nomenclature for the calculation of the
backscatter ratio and the color ratio was changed. Therefore, sections 2.2 and 3
have been completely rewritten. The figures have been updated to account for
the new symbols.

In the paper, “Year-round stratospheric aerosol backscatter ratios calculated
from lidar measurements above Northern Norway”, the authors present a mul-
tiyear stratospheric sulfate aerosol (SSA) dataset from lidar observations at the
ALOMAR research station. This paper provides valuable insight into lidar-
measured SSA over the Arctic, and the study is appropriate for AMT, however
I have a few major concerns with the paper in its current form. These include
the overall writing quality of the manuscript and lack of important details of
the study. Thus, I recommend a major revision. The authors should address
the major and minor comments outlined below for the revised manuscript.

1. Writing quality of manuscript: Many grammatical errors and misspellings
are found throughout the text, and acronyms need to be defined. The paper
should be thoroughly proofread.

The paper has been reworked completely to improve the writing quality.
2.Lack of study details: There are several instances in the manuscript that I
believe need additional information, as follows:

a. Page 4, Lines 7-10: Please add more description of ECMWF (e.g., spa-
tial resolution). Why ECMWEF? Are there other options? What are the
uncertainties associated with the parameters from ECMWEF?

The section has been rewritten. We have selected the ECMWF model as
it provides density and ozone data with a time resolution of 1 hour for the
location of ALOMAR. We have briefly discussed the use of ozone values
from another model in the manuscript (Page5, line 16).

When you state “converted to a 5 min and 150 m grid”, converted from
what? Also, add more details on how the Rayleigh and ozone corrections
are done.

We interpolate the model data and the lidar data to a grid with a 5 minute
time and 150 m vertical spacing. A special bullet point “Gridding of lidar
data” has been added to section 2.1

b. Sensitivity studies: Please comment on the choices made, and any sen-
sitivity studies completed for normalization altitudes (Page 5, Line 11),
wavelengths for elastic/inelastic signals (Page 5, Lines 22-23), and lower
limit of data availability (Page 7, Lines 13-14).



Normalization altitude: The approach was to use the highest possible al-
titude range as limited by the signal to noise ratio of the Raman backscat-
tered light. This can be seen in Fig 2c: The Signal S387 becomes exceed-
ingly noisy at about 40 km, thus we used a range below. First, we used a
range of 30-34 km (as suggested by previous publications) but the results
showed, that the upper boundary of the aerosol layer was found above 30
km in many cases. Thus we have lifted the normalization altitude. We
have improved section 2.2 accordingly.

Wavelengths: All elastic/inelastic wavelength combinations have been an-
alyzed and lead to proper results. We focused on R'064/387 because of
lowest effects due to Ozone extinction and highest backscatter ratios. This
is now discussed in the revised manuscript.

Lower limit of data availability: We have improved the section 4 accord-
ingly.

. Equation 1 (Page 3): Where is this from (reference), or how was it deter-

mined?

The equation has been corrected. We have added a reference in the
manuscript (Kovalev et al, 2004, ”‘Elastic Lidar: Theory, Practice, and
Analysis Methods”’, Page 138).

Page 6 (Section 4): Please add more discussion/explanation for this sec-
tion, and the importance/purpose of each figure (Figures 4 through 7).
For example, why are you showing R355/387 for Figure 5 instead of R at
other wavelengths?

The section has been reworked completely. The correction is presented in
more detail.

Also, please state why a correction is needed for C'R1064/355.

The correction is now explained in detail in the discussion of equations 8
to 11.

. Page 7 (Figures 9 and 10): Explain how these figures were created (e.g.,

averaging), as was included in the figure captions.

We have updated the manuscript accordingly: We first calculated hourly
averaged backscatter ratios smoothed in altitude with a running mean of
1.1 km. Then we calculated the average for the two telescopes. Finally
the mean of the hourly profiles is calculated for each month.

3. Conclusions: I believe this entire section needs to be re-worked. Please
address the following:

a.

b.

Re-define all acronyms.
I recommend not referencing figures in this section.

Please do not state results that have not been already discussed earlier
in the paper. For example, the uncertainties stated in Line 10 of Page 8.
This belongs in the Results section.

. As mentioned above there are grammatical errors in this section.



e. The narrative does not flow well (including ending with a lone sentence),
so I recommend re-writing the entire section.

f. T suggest including bullets or something similar to summarize the main
findings of the study.
The section has been reworked completely to account for all the comments.

Minor comments: 1. Page 1, Lines 1-12: Please add a few sentences to
the abstract describing the primary results of the study.

Done. Abstract has been reworked
2. Page 1, Line 5: Define ALOMAR.
Done

3. Page 1, Line 15: Define SSA. All acronyms should be defined at their
first use in the paper.

Done
4. Introduction section: State the location and dates of the study.
Done

5. Page 2, Lines 31-33: lidar measurements of what? R and CR? Explain
the parameters of interest. Also, add more motivation as to why this study
is important. What is being accomplished/what is the general purpose of
this paper?

6. Page 3, Line 5: Add the elevation of the ALOMAR station.
Done

7. Pages 3 and 4 (Section 2): I suggest not using dashes when listing the
processing steps. Bullets may work better.

Done

8. Page 4, Line 14: How was this relative uncertainty computed? Please
add an explanation to the text.

This section was rephrased to provide the explanation in the manuscript.

9. Page 6, Lines 1-2: The layers are also not associated with PSCs because
of the PSC screening metrics described on Page 5, correct?

Correct. We added this information now in the manuscript.
10. Page 7, Line 20: Rephrase “The first picture”.
Done

11. Page 7, Line 31: Significantly lower altitudes? Are you comparing
12-18 km to 12-22 km? If so, this sentence does not make sense. This
paragraph is confusing, so I recommend revising it.

The paragraph was split, because 2 different effects are discussed. The
altitude ranges where not meant to be discussed together. This was made
clearer.

12. Page 8, Lines 1-4: How do these findings compare with other studies?

We have included a brief comparison to previous studies in section 4.



13. Figure 2: Add labels, like a-d, to the plots, and refer to them in the
caption. How was the altitude range of the stratospheric aerosol layer de-
termined? Also, as a general comment, mention whether the altitudes are
referenced to above ground level (AGL) or above mean sea level (AMSL).
This should be stated in the text of the paper as well.

We added labels and used them in caption. The altitude range of the
aerosol layer in this figure is 15 to 34 km and indicates the altitude range
between a high tropopause and the lower boundary of the normalization
altitude. All altitudes are referenced to AMSL. This is now stated in the
revised manuscript.

14. Figure 4: For the x-axis, I suggest not using a slash symbol (/) here, as
this could be confusing. Maybe use “or” instead. Also, the colored shaded
areas representing the measurement uncertainties are very difficult to see.

We now use “or” as suggested. The uncertainties are pretty small and
therefore hard to see. However they become visible above about 28 km.

15. Figure 5: Please mention in the caption what the shaded area in blue
and black vertical line at R355/387 = 1 represent.

The figure has been reworked to make the discussion clearer. We have
changed the line color of the black vertical line to gray as this line is just
drawn for reference.

16. Figure 8 caption: I suggest re-wording “Time of available data”.
Changed to ”‘Available data in hours”’.

17. Figures 1-10: I suggest making the text larger for both the axes and
color bars.

Done. All figures have been reworked.



(Author responses are in blue. In the tracked changes version deleted se-
quences are marked red. New text is marked in blue.) General Comment: We
want to thank the three reviewers for the detailed reviews with many useful ideas
and suggestions which, we think, have significantly increased the quality of the
manuscript. We have rewritten a substantial portion of the manuscript. We
restructured the outline of the manuscript. Section 2, formerly named “ALO-
MAR RMR Lidar” is now called “Instrument and Method” with subsections 2.1
“Processing of the raw data”, 2.2 “Calculation of backscatter ratios” and 2.3
“Identification of the stratospheric aerosol layer”. Section 3, formerly named
“Methodology” is now named “Calculating the backscatter ratio under daytime
conditions”. Section 4 contains the results of the paper. A “Summary and Con-
clusion” can be found in section 5. The nomenclature for the calculation of the
backscatter ratio and the color ratio was changed. Therefore, sections 2.2 and 3
have been completely rewritten. The figures have been updated to account for
the new symbols.

This paper presents the analysis of stratospheric aerosols observations using
the state of the art Rayleigh-Mie-Raman multiple wavelength lidar at ALO-
MAR. The strato- spheric aerosol layer is observed at 1064 nm with unprece-
dented high resolution. The topic of the paper is well suitable for publication
in AMT. However the description of the data processing and the results should
be improved and I recommend a major revision as detailed below.

Equation (1) page 3 for the dead time correction does not seem correct. The
correct formulation is: N=Ncount/(1-tau Ncount)

Corrected

Page 6, lines 10-11, how equation 3 could be applied if the inelastic signal is
not present?

We have used the inelastic signal as measured during the night. This was
made clearer in section 2.3.

Page 6, lines 15-21, the justification for a linear correction with altitude of
the R355/387 is not given. It may hide some instrumental problems in the lidar.
This point should be discussed in more details.

A new paragraph was added to cover this comment in section 3: “First
of all we have not identified an instrumental problem that leads to this linear
decrease with altitude; for example an incomplete overlap function would affect
both signals S355 and S387 in the same way. Furthermore Ozone extinction can
be excluded as potential source of error as it has virtually no impact on these
signals.”

Also I wonder why the ratios R532/387 and R532/355 on Figure 4 fall below
1 in the lower altitude range. Is it a problem of detector saturation?

An explanation for this issue is now given in the manuscript: ”*R°32387 is
affected by ozone extinction. By definition a backscatter ratio should not be
smaller than 1. This indicates that the true ozone extinction may be differ-
ent from that used for processing the data since the signal at A\ = 532 nm is
stronger affected by ozone extinction than the signal at A = 355 nm. Due to
the normalization of the backscatter ratio to 1 in the aerosol free altitude zp
an under-estimation of ozone extinction reduces the backscatter ratio and may
result in R < 1. A similar effect arises due to a wavelength dependent extinction
of the aerosol layer. Here R is reduced at lower altitudes if the wavelength of
the elastic backscattered signal is more affected by aerosols than the Raman
wavelength.”*



Results section page 7 How the standard error of the monthly mean scatter-
ing ratio is computed? Is it from the statistical error on lidar signal at different
wavelengths? Due to the limited number of available hours of measurements
per month and the large variability of the Artcic stratosphere, especially during
winter months, the monthly averaged value of the scattering ratio cannot be
considered as fully representative of the monthly climatological value for this
month.

The standard error of the monthly mean backscatter ratio is computed like
follows: o,,(R) = o/sqrt(n) with sigma being the standard deviation of the
backscatter ratio for each month and n being the measurement time in hours
for each month. This information is now included in the revised manuscript.

Page 7, lines 27-29, the increase of aerosol loading in the lower stratosphere in
August- September due to smoke from the Canadian fires merits to be discussed
in more details than just put in the mean seasonal cycle.

A reference to a detailed discussion of the event is now given in the re-
vised version. We mention the wildfires just shortly as a confirmation for the
reasonable results of the aerosol retrieval.



(Author responses are in blue. In the tracked changes version deleted se-
quences are marked red. New text is marked in blue.) General Comment: We
want to thank the three reviewers for the detailed reviews with many useful ideas
and suggestions which, we think, have significantly increased the quality of the
manuscript. We have rewritten a substantial portion of the manuscript. We
restructured the outline of the manuscript. Section 2, formerly named “ALO-
MAR RMR Lidar” is now called “Instrument and Method” with subsections 2.1
“Processing of the raw data”, 2.2 “Calculation of backscatter ratios” and 2.3
“Identification of the stratospheric aerosol layer”. Section 3, formerly named
“Methodology” is now named “Calculating the backscatter ratio under daytime
conditions”. Section 4 contains the results of the paper. A “Summary and Con-
clusion” can be found in section 5. The nomenclature for the calculation of the
backscatter ratio and the color ratio was changed. Therefore, sections 2.2 and 3
have been completely rewritten. The figures have been updated to account for
the new symbols.

The paper is appropriate for AMT, but not in a good shape. Major revisions
are needed. The paper is much too long. Basic lidar stuff is unnecessarily
presented in large detail. A compact version is needed.

Introduction: The importance of the SSA is presented in large detail!l Why?
One paragraph would be sufficient! On the other hand, one has to read the
entire paper to get an idea: What is new here? What is the motivation to write
this paper? Figures 9 and 10 tell the reader finally what the step forward is.

The manuscript was rewritten in large parts. We think that the novelty of
the method and the motivation for the paper is now clear.

Please provide the motivation right in the beginning (second paragraph of
the introduction): precise and compact. The shorter the introduction the better.

We now mention the motivation at the end of the introduction. We tried to
shorten the introduction and also tried to take the other referees comment into
account.

Maybe mention also that CALIOP observations are available to monitor SSA
as well, but the disadvantage is. . ..

We did not include more discussion here as CALIOP does not provide strato-
spheric backscatter ratios at 1064 nm (Vernier et al., JGR, 2009). A detailed
comparison of CALIOP and ground based lidar is given in Khaykin, ACP, 2017.

Section 2: . . .is much too long. One paragraph and good references would
be fine. Section 2 could be even left out..., could be the introductory part of
Section 3 (Method).

As described in the general comment, the section has been completely rear-
ranged and also shortened.

There are many sentences that must be simply improved: The detection
system is capable to detect wavelengths? Simply bad wording. . . The lidar
detects backscatter signals at different wavelengths. There so many, many more
examples throughout the paper. . .. | e.g., P5, L5:We use an inelastic counter
for the denominator of Eq 2. . . unbelievable wording. So bad! So low quality
of precise thinking! Did any of the co- authors (including the director . . .)
read the manuscript?

The whole manuscript has been revised.

P5, L5: The reference is Raman, 1928! I could not believe what I read!
Please provide a proper Raman LIDAR (!) reference here. The same for



Rayleigh, 1871, 1899. Please provide a proper Rayleigh lidar reference.

The section “Calculation of backscatter ratios” has been reworked com-
pletely.

Eq.(3), Eq(4): Please note! Quantities in equations are presented as ONE
letter (a, b, ¢, T , p, that’s why we use so often alpha, beta, gamma, ... and
lambda, and then with index. . . if needed). So, please improve Eqgs. 3 and 4
accordingly.

Done. The whole nomenclature for the derivation of the backscatter ratio
was reworked.

P5, L29: . . .data is reduced to altitudes above the tropopause. . . another
example of bad wording. . .

Rephrased

Section 4: I give up. . .! . . .. only a few remarks : purple drawn profile . .
. or drawn as a red shade. . .. Please avoid ‘drawn’!... In many cases, you can
leave it simply out, some- times one may use: . . . is shown as purple curve, or

given as red profile etc. . .

The section “Results” has been reworked completely.

So, this new procedure should be already briefly explained in the Intro sec-
tion.

Done
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Abstract.

Tnthis—werk—the processing-ofa—year-round-We present a new method for calculating backscatter ratios of the strato-
spheric sulphate aerosol (SSA) dataset-layer from day- and nighttime lidar measurementsis-presented—The-SSAtayeris-of
Fundamental-importanee-for-theradiative-balanee-of-the-atmosphere—TheJayerisfound-. Using this new method we show a

first year-round dataset of stratospheric aerosol backscatter ratios at high latitudes. The SSA layer is located at altitudes be-
tween the tropopause and about 30 km. It is of fundamental importance for the radiative balance of the atmosphere. We use
a state-of-the-artDoppler-state-of-the-art Rayleigh-Mie-Raman lidar at the ALOMAR-researeh-Arctic Lidar Observatory for

Middle Atmosphere Research (ALOMAR) station located in Northern Norway (69° N, 16° E)-te-observe-the-aeroseHayerand

Here-we-, 380 m a.s.l.). For nighttime measurements the aerosol backscatter ratios are derived using elastic and inelastic
backscatter of the emitted laser wavelengths 355, 532 and 1064 nm. The set-up of the lidar allows to perform measurements
with a resolution of about 5 minutes in time and 150 m in altitude with high quality, allowing to identify multiple sub-layers in

the stratospheric aerosol layer of less than 1 km vertical thickness.
We introduce a method fer-the-extension-of-to extend the dataset throughout the summer where-measurements-have-when

measurements need to be performed under permanent daytime conditions. We-ealeatate-For that purpose we approximate

the backscatter ratios from color ratios of elastic seattered-tight-at-the-wavelengths355;-532-and-1064—These-colorratios-are
eorrected-using-an-scattering and apply a correction function. We calculate the correction function using the average backscatter
ratio profile at 355 nm from about 1700 hours of nighttime measurements from the years 2000 to 2018. Fhereby,-we-are-able

o-extend-the-datasetfrom2883-of nighttime-datate of-total-data-time between2000-and-2018-Using the new method we
finally present a year-round dataset based on about 4100 hours of measurements during the years 2014 to 2017.

Copyright statement. TEXT
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1 Introduction

The role-of-SSA-importance of stratospheric sulphate aerosol (SSA) for the radiative balance and the ozone chemistry of the
atmosphere is widely accepted. Long-term observations of the stratospheric aerosol layer are crucial for the analysis of global
atmospheric temperature and ozone layer variability (Tho, 2006; Solomon et al., 2011). First in situ measurements of SSA have
been performed by Christian Junge and eeworkers-co-workers (Junge and Manson, 1961). They found a distinct layer between
15 and 25 km altitude with a peak at 20 km (Junge et al., 1961a, b). The stratospheric aerosol layer is therefore often referred
to as “Junge-layer™. Remote sensing of the aerosol layer by lidar was started by Bartusek and Gambling (1971). Global satellite

observations of SSA began in the late 1970s (reviewed-by-Tho-(2006)-andKremseret-al2046) )
e.g. Tho, 2006; Kremser et al., 2016) . The upper boundary of the SSA layer is determined by the evaporation of the aerosol

particles due to rising temperatures in the stratosphere as well as sedimentation (Hofmann et al., 1985). The tropopause is
generally-knewn-as-the base of the aerosol layer since the upper tropospheric aerosol tevels-loads are often much lower than in
the stratosphere (Kremser et al., 2016).

Understanding SSA-the formation and life-cycle in-the-stratosphere-of SSA are impossible without understanding the pro-
cesses controlling sulfur in the stratosphere. Stratospheric sulfur can be found in a broad variety of gaseeus-molecules, such
as carbon disulfide (CSs), sulfur dioxide (SO3), carbonyl sulfide (OCS) and sulfuric acid (H2SO4) (English et al., 2011).
The-composition-of SSA-is-dominated-by-abeut-SSA typically consist of 75 % sulfuric acid/water (H,SO4—H50) solution
droplets (Tho, 2006). In volcanically guieseient-quiescent periods, the main source for these droplets are CSy and OCS-These

s—, which are emitted at the Earth’s surface and lifted into the stratosphere by deep convection and the Brewer-
Dobson circulation (Khaykin et al., 2017). They then react in multiple steps via SO5 into sulfuric acid (Kremser et al., 2016).
Stratospheric aerosols are primarily washed out by sedimentation and through the quasi-isentropic transport of air masses in
tropopause folds (Tho, 2006).

Moreover, the stratospherie-sulphate-aerosel-SSA variability is dominated by major volcanic eruptions injecting sulfur di-
rectly into the stratosphere. These episodic but powerful eruptions can overlay the permanent stratospheric aerosol layer (re-
ferred to as “background™‘background’ aerosol) for years and ean-have a global cooling effect on the surface in the order
of a few tenths of a degree Celsius (Robock and Mao, 1995). Fhat-The fact that aerosols from large volcanic eruptions ean
have global effects was first determined by worldwide observations of optical phenomena following the eruption of Krakataw
Krakatoa in 1883 (Symons, 1888). After the Mount Pinatubo eruption in 1991 the stratospheric sulfur burden was increased by
a factor of 60 above background levels and remained hetghtened-elevated by a factor of 10 well into 1993 (McCormick et al.,
1995).

The long-term development of SSA has been discussed in various studies {reviewed-by-Kremseret-al(2016))-Observations
eovering-the-timespan—(Kremser et al., 2016) . Ignoring periods with volcanically enhanced SSA, observations covering the
time span between 1970 and 2004 did not show significant changes in the background aerosol (Deshler et al., 2006). Newer
works-studies show rising levels of SSA since 2002 (Hofmann et al., 2009; Vernier et al., 2011; Trickl et al., 2013; von

Savigny et al., 2015). The reason for this increase is being debated. Originally the rise of the aerosol levels was connected
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to a fast increase in Asian sulfur emissions

Hefmann-et-al;2009—Alse—more(Hofmann et al., 2009) . More recent studies show an increase in nenveleanic—aerosol
compeundsnon volcanic aerosol inside of the Asian Tropopause Aerosol Layer(ATAL). This layer occurs during the north-

ern summer above the Asian monsoon (Vernier et al., 2015; Yu et al., 2015). Vernier et al. (2011) showed with the help of
global satellite observations -that weaker eruptions also infleet-influence the stratospheric aerosol layer. Several-studies-have
shown;—that-although-these-These moderate eruptions are much less powerful than El Chichén or Pinatubo and the effect

on stratospheric aerosol levels are much smaller,—. However, several studies have shown that they have an impact on global

surface temperatures

Solomon et al., 2011; Fyfe et al., 2013; Santer et al., 2014, 2015; Andersson et al., 2015) .

Accurate long-term measurements are essential to quantify background, volcanic and anthropogenic changes in the strato-

—nevertheless

spheric aerosol layer.

‘While there have been several reports on

seasonal and decadal scale ground based lidar measurements of the aerosol layer at middle latitudes (Trickl et al., 2013; Khaykin et al., 201

are no year-round or multi year measurements of the stratospherlc aerosol record-at-acertain-loeationlayer at high latitudes.
The i i

where the-methodology-of main goal of this study is to present a year-round stratospheric aerosol record at polar latitudes for the
first time, applying elastic laser scattering at three different wavelengths including measurements under full daylight conditions.
This study introduces a method to approximate backscatter ratios of the stratospheric aerosol based on measurements of color
ratios including a quantification of uncertainties. For this we use elastic and inelastic scattering measured during nighttime in
the years 2000 to 2018, To show the performance of the new method we focus on a year-round dataset accumulated between
&&%Www%@mmmm extension
of the dataset th toRSUSING measurements
performed during permanent daylight in summer. In section 4 we apply this new method to the years 2014 to 2017 and present
a year-round climatology of SSA backscatter ratios.

2 ALOMARRMR lidarInstrument and Method

The Rayleigh-Mie-Raman lidar is-ene-of-the-core-instruments-used in this study is installed at the Arctic Lidar Observatory for
Middle Atmosphere Research (ALOMAR) on-the-istand-of-Andgya-in Northern Norway (69.3° N, 16.0° E, 380 m a.s.1.). The

main-task-is-to-perform-studies-of-lidar is employed for investigating the Arctic middle atmosphere over-altitudes-of-aboutin the
15 to 90 km altitude range (von Zahn et al., 2000). The instrument is optimized to measure simultaneously-atmospheric tem-

peratures, winds and aerosols (Fiedler et al., 2008; Baumgarten 2010). The RMR—hd&FGOﬂ%t%@—G#ﬂﬁe—lﬂdepeﬂdeﬂthaI uses

two power lasers and two receiving telescopesa
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rotary fiber selector

fibers from telescopes
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D — dichroic mirror
BS - beamsplitter

Figure 1. Simplified overview of the detection system of the lidar. The light collected by the two telescopes enters the detection system

through a fiber selector (left) that is synchronized to the lasers. It is then separated according to wavelength with dichroic mirrors (D) and

according to intensity by beamsplitters (BS). In daylight conditions, the light is guided through etalons to suppress solar background. At the

end of each detection branch, the photons are converted to electrical pulses using avalanche photo diodes and photomultiplier tubes. The

names of these detectors are formed as follows: first letter: spectral range (U-ultraviolet, V-visible, I-infrared), last letter: sensitivity (L-low,

M-middle, H-high). Middle letters “VR” indicate vibrational Raman scattered light.

. Bach of the two Nd:YAG power lasers are-1064;-532-and-355—"They-produee-generates 30 pulses per second with a duration
of about-+0-pulse energy of 165, 500, and 465 m1] at the wavelengths of 1064, 532, 355 nm, respectively. The telescopes are
independentty-have a diameter of 1.8 m and are tiltable from zenith pointing tp-to 30° off-zenith —One-telescope-can-be-tilied
to-the north-west quadrant iNWE pand the other oneto-the south-cast quadrant £SET o perfornmeasurenients 1o perform

wind measurements and observations in a common volume with sounding rockets (Baumgarten et al., 2002). To-maximize-the

The light collected by the telescopes is ¢ ati oupled alternatingly into the detection system by-a-segmented

mirror-rotating-with-—30—Figsynchronized to the alternatingly firing lasers. Fig. 1 shows a schematic overview of the de-
tection system, limited to the channels used in this study. The light is separated into-different-wavelengths—using-dichrotie

mirrersaccording to wavelength using dichroic beam splitters. The detection system is capable of detecting backscattered light
at seven wavelengths during night-time (elastic: 355, 532, 1064 nm; inelastic: 387, 529, 530, 608 nm)and-, During daytime

1
nerth-west-teleseope
1



the system detects backscattered light at three elastic wavelengths during-daytime-(355, 532, 1064 nm) using etalon-systems
to-oppress-additional Fabry-Pérot etalon based filters to reduce the solar background (fer-details-see-vonZahn-et-al-(2000))-
M%WMMMMW been used before for calculating properties
particle properties in the mesosphere
5 MMWMM For the study of aerosols

in the stratosphere, the channels were extended with intensity cascaded detectors to allow for simultaneous measurements from

the troposphere to the mesosphere.

er-The backscatter signal
10 is recorded with a time and range resolution of 30 seconds and 50 m, respectively.

2.1 Processing of the raw data

Before we start the actual aerosol retrieval we perform the following steps:

e Dead time correction
Once a photon is eounted-by-a-deteetordetected, a minimum time span has to go-by-pass before another photon can be
15 counted—This-deadtime-detected. This dead time 7 is about 20 to 50 ns for the used-detectors-detectors used in this study.
The corrected number of counted photons N is calculated from the deadtime-dead time and the count rate Negymr—IV,.
1 N,

N = 1
1—7- N(;()’u,nt M ( )
Background-subtraction—

20 o Background subtraction
The telescopes also collect light from scattered solar photons, stars or airglow. Therefore-the-signal-from-far-The mean
signal from above 100 km —where-no-taser Hight is-been-reeeivedrepresents this background signal since backscattered
laser light from these altitudes is negligible. This mean is subtracted from the signal-in-all-altitudes—Cerrection—for

25 e Gridding of lidar data:
The raw data is averaged in time for 5 minutes and in altitude to bins of 150 m taking into account the different pointin
angles of the telescopes. All altitudes in this work are referenced to the mean sea level.

o Correction for extinction by Rayleigh scatterin
The intensity of the outgoing laser beam decreases slightly with altitude since a small fraction of the laser light is

30 contintousty seattered-out-of-the-beamscattered by air molecules and aerosols. This also happensforreduces the scat-
tered, downward propagating light. The magnitude of this effect depends on the wavelength and the density of the atmo-
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weather prediction model (see below).

e Correction for extinction by ozone
Some part of the laser light is absorbed by Os, in particular in the Chappuis bands j-are-affecting the laser wavelengths

532 and 608 nm-Thenm. This effect is corrected using the O3 absorption cross sections are-takenfrom-Gershelev-et-al2044)from

Gorshelev et al. (2014) and the Oz mixing ratios and air density from a climatological model (see below).

e Combination of intensity cascaded detectors

We combine the signals of intensity cascaded detector groups by normalizing the lower intensity signal to the higher

intensity signal in an altitude range where both detectors provide a sufficient signal S with a relative uncertainty of better
than AS/S < 0.1. Thecorrection-for-both+

The measurement uncertainty A5 is calculated from the initial count of photons assuming a Poisson distribution. This
uncertainty of the raw counts is then propagated through the processing steps listed above.

We calculate the Rayleigh- and ozone-extinction s-is-dene-using-using densities and ozone mixing ratios provided by the
European Centre for Medium-Range Weather Forecasts (ECMWF)density-and-ozone-mixingratio-data—We-use—. The data
from the Integrated Forecasting System available-per-heur-of ECMWEF is extracted for the location of ALOMAR —Afterwards;

the-data-is-eonverted-to-a-on hourly basis. The model data is then interpolated to the lidar time and altitude bins (5 min and

150 meridforeach-detector—Thesignalsgenerated-by-a-deteetor, processed-and-corrected-are-inthe following referred-to-s

of the-differenteounters-ean-be seen-in-table ). We performed a sensitivity study using air densities from an empirical model
(MSISE-00; Picone et al. (2002) ) and a mean seasonal cycle for ozone (Rosenlof et al., 2015) . It turned out that this leads
to_unrealistic backscatter ratios as the actual ozone profile significantly deviates from the climatological mean, especially in
winter (see discussion of ozone extinction in section 3).

_ ﬂaero + ﬁmol o Baero

R = acro T Pmol _q 4 :
5mol ﬁmol




Table 1. Overview-Labels of combined signals and individual detectors. The name indicates in the AELOMARRMR-lidar-counters-used-for
this-werkfirst letter the spectral range (U-ultraviolet, V-visible, I-infrared), and with the last letter the sensitivity (I-low, M-middle, H-high).

The letter pair “VR” indicates vibrational Raman scattered light. Indices represent the particular wavelength.

combined eountersignal  eounter-on-optical-beneh-detector scattering process daylight capability

é'fi‘z UL3s5 elastic (Rayleigh and Mie) yes
UMs3ss
UHsss

VSi?i VLs32 elastic (Rayleigh and Mie) yes
VMs32
VHss2

w IL1064 elastic (Rayleigh and Mie) yes
TH1064

é’\gfl UVRassg7 inelastic (Raman) no

S0 VVRLeos inelastic (Raman) no

VVRHeos

The different detector groups and their corresponding scattering mechanisms are summarized in table 1. An example for the
signals of individual detectors and the combined signals S* is shown in Fig. 2. The data is averaged for 17 hours starting at
13 UT on January 27, i 3 i e = - A i

—2018. About 7 hours were performed

under daytime conditions while 10 hours of the measurement were performed under nighttime conditions. The telescopes were
ointing for about 1.5 hours to zenith and for the rest of the measurement 20° off zenith towards North and East. For plottin
the data we have calculated the mean signals of the two telescopes. For the elastic scattered signals we observe a sudden

increase in the signals below 30 km which is caused by tropospheric (below about 10 km) and polar stratospheric clouds (~15
1025 km).

2.1 Calculation of backscatter ratios

The standard method to characterize the aerosol content in the atmosphere from lidar signals is to calculate the backscatter ratio

R from the molecule and aerosol backscatter coefficients and 3, respectively (see, (Fernald, 1984 Klett, 1985; Ansmann et al., 1990, e
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Figure 2. Time averaged altitude profiles of backscattered signals for a 17 hour long measurement starting at 13 UT on 27 January 2018,
groups. () and (c) show about 10 hours of nighttime measurements and (b) and (d) about 7 hours of daytime measurements. The approximate
altitude range of the stratospheric aerosol layer is shown in gray.
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In our case the backscatter coefficients are proportional to the corrected signals S, shown in Fig. 2¢. Let’s for example consider
scattering at A = 1064 nm:_

1064 S%/?GAL —|—S(1064 _ 51064
R - 5%964 - S}’L064 (3)

The challenge is to retrieve the signal scattered by molecules only (5,,’%) since the signal received by the lidar (S'%°1) contains
both contributions from scattering on molecules and aerosols. For this we use the signal from Raman backscattering on Ny at
A = 387 nm which contains molecular scattering only: $°%. Since Raman scattering is less efficient compared to Rayleigh and
Mie scattering, S*°" is much smaller compared to S,7°! at any given altitude. However, using the correction and applying the
processing steps in section 2.1 both signals are proportional to each other (57 o S;7%) since they are both given by molecular

scattering. We determine the proportionality constant F' at an altitude is-eensidered-to-be-above36-2 where no aerosols exist,

hence S1964 equals S10%¢ which is typically the case above 34 kmMeCermick-etal;1984; Barnes-and Hofmann, 1997 Khaykinet-al526
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This allows to derive S1054 at any given altitude:
1064 _ 1064 g3sT )

therefore Eq. 3 leads to:

106t _ 1064 ©
I i

This ratio is named R33! to indicate the wavelength of the elastic backscattered signal (A = 1064 nm) and the Raman
wavelength (A = 387 nm). We use the altitude range zp from 34 to 38 km because-the-inelastic-signal-is-stilh-strong-enough
ck-th o determine Fizgr” since an initial processing of
the dataset showed that the aerosol layer sometimes reaches up to about 34 km, In addition to this rather high normalization

altitude we use a two-step iterationprocess to reduce the effect of an aerosol layer reaching partly up into the normalization
altitude range. First, we calculate the mean signal ratio in the normalization range, then we limit the signal-ratie-data in the

normalization range to those altitudes-withint-sigma-of-the-mean-signalratio—This-procedure reduecesthe-effect-of-anacroseo
here the signal ratio is within one standard deviation of the mean. More details on this
are discussed in section 4. Aececordingly,equation3-yields:-

Signal (elastic)

[ Signal (inelastic)

| Signal (elastic) A(R=1) " Signal (inelastic)*

Signal (elastic)(A1)

Signal (elastic)(Ao)

Cit= Signal (elastic)(A1) |, g1 " Signal (elastic)(A)>

with-A5-Additionally to A = 1064 nm we also investigated the other two emitted wavelengths, namely A = 532 nm and A+

There-are-multiple-combinations-of pessible-elastic-and-inelastie signals) = 355 nm. In total we derive three backscatter
ratios: R1%94 R332 R32%. all as a function of altitude. Instead of the Raman signal at A = 387 nm we have tentatively used
another Raman signal, namely at a wavelength of A = 608 nm. It turned out, however, that this is not practical since this signal

is partly absorbed by ozone (see Sec. 3). In this work, we focus on 1064-R12% ie. A = 1064 nm as the elastie-signal-dueto
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fhe«higheﬁefesﬁaaekse&&%ﬁgna}ﬂ%fht&wave}eﬂg&h&né%%Ra leigh and Mie scattered signal and A\ = 387 nm as the
—Raman signal. This combination is superior to

2.2 Identification of the stratospheric aerosol layer

Only backscatter ratios from altitudes above the tropopause —Fhis-is-dene-by-using-the EEMWh-datafor-are analysed in order
to limit the data to the stratospheric aerosol layer. We calculate the dynamical and the thermal tropopause fereach-time-step-

airfrom ECMWF model data and select the higher value of the two as lower altitude limit for the backscatter ratio profiles.
Using-thismethod-also-deteets-We also remove measurements that show the presence of polar stratospheric clouds (PSC) {see

Peter- (1997 for-detatls)—In-winter,-(Peter, 1997) . From December to February these clouds occur everALOMARfrequently
frequently at our location. The calculated backscatter ratio Fz-of-the-PSCs-is-of PSCs is about one order of magnitude higher

thanfor-SSA-—and-therefore-overlying-larger than that of the background aerosol —Fhus;-measurements-with-clear-evidenee-of

PSCs-areremoved-from-the-dataset-(e.g. Fig. 2), so we use a simple threshold of R12%* > 2.0 to exclude PSC from our dataset
of stratospheric aerosols.

An example of a-R-measurement-over-80-hours-in-February-for a backscatter ratio R395* of the stratospheric aerosol layer
from 88 hours of measurement starting on February 18, 2018 is shown in Fig. 3. Theresult-draws-We observe a highly dynamic

pieture-of-the-stratospheric aerosol layer consisting of multiple sub-layers. There are several layers thinner than one km of

aerosol-abeve20-visible-over remaining separated and partially moving in parallel over several days. It should be emphasized
that these layers are not connected with-PSCs-sinee-to PSCs for two reasons: (1) The maximum backscatter ratio is well below

the PSC threshold of R12%* = 2.0 and (2) the temperatures at the time-altitudes of the layers were above 210 K and therefore

PSC formation temperature (Beyerle and Neuber, 1994) .

Fig. 3 shows the evolution of the stratospheric aerosol layer during night and day. As the signal S°*7 (needed to calculate
R3¢ is not measured during daytime we have calculated the mean signal S°°" during the night measurements (indicated in
Fig. 3) and used this mean profile to calculate 232", Fig. 3 shows that this method of calculating the backscatter ratio during
daytime (using a nearby nighttime measurement) results in a reasonable evolution of the backscatter ratio.

3 Datasetexpansion-te-daylight-Calculating the backscatter ratio under daytime conditions

The AEOMAR-RMR-lidar is situated at 69.3° N, i.e. north of the Polar mrcle—reqwﬁﬂgdayeeﬂﬁgtm&&eﬂ—a%l%tmmer—?he
- At this latitude

10
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Figure 3. Stratospheric aerosol backscatter ratio (R335") for a measurement starting at 15:30 UT on 18 February 2018. The time resolution

is 5 minutes and the altitude resolution is 150 m. Black bars at the top indicate nighttime configuration. At the bottom end of about 11 km

the data at altitudes below the tropopause is masked (white).

the daytime configuration of the lidar is used from about mid May to mid August. As shown in the previous section the

backscatter ratio can be calculated for daytime measurements using a nearby nighttime observation. Unfortunately this is not

ossible during the summer months due to the permanent daylight. In order to retrieve a solid year-round dataset, we use &
multi-colorapproach-and-ecorreet-a-the year-round available color ratio C-R-of twe-elastie-seatteringeountersCioo” with an

empirical correction as a proxy for the backscatter ratio R34,

ERusar355)-which-We define the ‘color ratio” ¢, namely the ratio of signals received from two of the three wavelengths (1064
nm, 532 nm, 355 nm) normalized to the signal ratio at an altitude (2 ) where no aerosols exist. This is similar to the procedure
for calculating the backscatter ratio in section 2.1 and yields, as an example, for 1064 nm and 355 nm: _

08 _ §1064 -
2 Fggl 5

It is worth noting that the definition of a color ratio used here is different from that used in von Cossart et al. (1999) and
Baumgarten et al. (2008) .

Fig. 4 shows the mean backscatter ratio and color ratio profiles for a typical measurement in October 2015. The measurement
lasted for 97 hours, thereof 46 hours with daytime configuration and 51 hours with nighttime configuration. Here, the backscatter
ratio for the daytime part of the measurement is calculated by using equation2?-Fhe-blue 2355 357 profile shows-an-aerosol part
M%AWWMWWW%%@MMWW

as described in Sec. 2.2. Comparing R1%6* and

11
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Figure 4. Backscatter ratio and color ratio profiles for a 97 hour long measurement starting at 07:45 UT on 10 October 2015. About 46
hours were measured with daytime configuration and 51 hours with nighttime configuration. The gray area at the top indicates part of the
normalization altitude. Shaded areas around the lines indicate the measurement uncertainty. The gray line at 13 km indicates the tropopause.

C395% we see that C395* has nearly the same vertical structure but is about 5 % lower than R33%*. The difference between

R4 and 10984 is primarily due to the aerosol backscatter signal S3°° included in the signal S3°°. In other words, the

color ratio C19%4 is a proxy for R1%%* that deviates by less than about 5 % from the true value of R1%%* at the peak of the
stratospheric aerosol layer. In the following we describe a method how to calculate the backscatter ratio at 1064 nm with

respect to the molecular signal at 355 nm (R1964);
51064
R = ®
1064
S -
This can be rewritten using the color ratio C4984 and the backscatter ratio R322:
Rl _ 51004 )
355 = 1064 77355 0387
1064 §355
= . 10)
= 1064 G355 ~ 77355 0387 (
Fygs 570 Fegr 577
1064 1355
= Carp Mg an

Since the backscatter ratio R222 is not available for daytime measurements we approximate the actual profile by a mean of all

available measurements, to calculate an approximated backscatter ratio Ri2%*. Figure 5 shows the mean R332 profile for each
-measurements between 2000 and 2018 --which cover a

of the 103 suitable Rgs5/35-averaged profilesfrom-measurements runs
total of 1789

and-with-hours. These measurements were selected as they have a relative backscatter ratio measurement-aneertainty-smaller
uncertainty of less than one percent —Fhe-Ryss sr-profites-(AR3ZZ /R332 < 0.01).

12
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Figure 5. Backscatter ratios R33% from nighttime measurements in the period 2000 to 2018. Each gray line represents the mean of the
L =355, . = . —355
measurement run. The total measurement time is 1789 hours. Rssy(2) is the mean of all profiles and R337 (z) a linear fit to Rsz(2). The

shaded area represents the standard deviation of the R332 profiles.

The profiles of B335 show a linear behaviourtowards-R—tdecrease with altitude towards R = 1 at z = 34 km. Fherefore

. L . ~ . . . . —355
a-This behaviour is seen very well in the mean profile (Rzs5{zpis-caleulated-and-fitted-linearly-with-the-altitude=+-Rag-(2)).
We make use of this systematic altitude dependence by fitting a linear regression:

R@::,;g?(z) T 37416 km N

- Finally, we use the fit R335(2) to

calculate the approximated backscatter ratio R1%984:

1064 _ 1064 | 3. 355
Ri064/355355 = CR1064/355C355 - Rassigr(2) (13)

Depending on altitude, the correction has a total effect on the backscatter ratio ranging from 5 % at 15 km to zero at 34 km,
Fig. 6 shows the approximate backscatter ratio R323" for the 97 hour long measurement in October 2015, The approximated
uncertainty.

The uncertainty of the corrected profile is eaused-by—the-measurement-dominated by the uncertainty of the eelor—ratio
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Figure 6. Backscatter ratio, color ratio, and approximate backscatter ratio profiles (R305*, R322) for a 97 hour measurement starting 07:45
UT on 10 October 2015, the same measurement as in Fig. 4. Colored shaded areas around the lines indicate the measurement uncertainty.
Further explanations are given in Fig. 4.

betweenRrgpa 3z 2rdpsa 355 linear fit R333(2). We have calculated the uncertainty of the fit as the standard deviation of

R1064 R1064

the difference between I2z¢7" and [7355" for each altitude. This difference is shown in Fig. 7 for each of the 103 measurement

measurements. It is symmetric over the whole altitude range and decreases with altitude. This behavior is as expected, as the
effect of the correction tends to zero at 34 km and the R355 profiles for each measurement tend to R = 1 at 34 km,

In the same way an approximated backscatter ratio Rsz5m5-(orange)-R522 is calculated from the corresponding color ratio
. alle e e £ DD e 4 D . _ s _ Ny s dariad
\W ALY c U O ¥ 15)5) ¥ Cl 5 g Ud c c oatda c cl od < <l &

Rs32/355 = CRs32/355 - Rass(2)

232 and the fit R335(2):
R3%Z = C3%2 - R35(2) (14)

Both R33%" and 558" are not affected by ozone extinction whereas 1235 is affected by ozone extinction. We note that R3¢
is smaller than 1 in limited altitude ranges (z = 15 to 17 km). By definition a backscatter ratio should not be smaller than 1
(Eq. 3). This indicates that the true ozone extinction may be different from that used for processing the data since the signal at
A =532 nm is stronger affected by ozone extinction than the signal at A = 355 nm. Due to the normalization of the backscatter
ratio to 1 in the aerosol free altitude zx an under-estimation of ozone extinction reduces the backscatter ratio and may result

14
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Figure 7. Difference of the backscatter ratio R:35* and the approximated backscatter ratio Ri22* for 103 measurements between 2000 and

2018 where both ratios are available. The red shadowed area shows the standard deviation of the difference. The black line shows the mean
difference,

in R < 1. A similar effect arises due to a wavelength dependent extinction of the aerosol layer. Here R is reduced at lower

altitudes if the wavelength of the elastic backscattered signal is more affected by acrosols than the Raman wavelength (see Eq.
6).

In-eenctusion: The quality of the approximated backscatter ratio R332 is also seen in Fig. 6 as it agrees now well to R332,
Notably /2337 is larger than 1 in most altitudes (in contrast to C333). We like to point out that approximated backscatter ratios
underestimate the true backscatter ratios in cases of strong acrosol loads and overestimate the true backscatter ratios in cases
of low aerosol loads since the correction function /2322 (z) was derived from measurements with a mean acrosol load.

15
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Figure 8. Available data in hours for each month for the years 2014 to 2017 for R335* (blue) and R'%%* (orange).

leads to this linear decrease with altitude; for example an incomplete overlap function would affect both signals 5°°° and S°%7
in the same way. Furthermore ozone extinction can be excluded as a potential error source since it has virtually no impact on
these signals.

Using this approach a new dataset
profiles—when-not/?'0%! is generated consisting of the exact backscatter ratio /339" for nighttime configuration (or daytime
configuration with nearby nighttime measurements) and the approximated backscatter ratios [2338” for the measurements in

which only daytime configuration was applied (mostly summertime). The result is a selid-complete year-round dataset of

stratospheric aerosol backscatter ratio profiles.

4 Results

We have applied the procedure described in Sec. 3 to the data of the years 2014 to 2017. By-<cheosingfourrecent-years-of
lidar-eperations;-we-ean-well-During this period the lidar was operated for 4158 hours and allows to cover a typical seasonal

cycle of the stratospheric aerosol. A total of 232 measurement runs were performed;-eeteeting-data-we-eanuse forthe-analysis.
In 24 of those runs PSCs were detected and thus-these runs were therefore excluded. The 268-+emaining remaining 208 runs

represent 3646 hours of measurementobservations. Of these measurements +-2391 hours were performed during-daytime-while
with daytime configuration and 1255 hours were-performed-during-nighttime-with nighttime configuration, respectively. Fig.

8 shows the avatlable-menthly-datatimefor-the RiggrandRysrszs—datasetbetween2044-and 2017 Fornearly-every-month
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Figure 9. Monthly mean aerosol backscatter ratio B335 from 79 measurement runs from 2014 to 2017. The dataset contains only nighttime

measurements and includes a total of 1255 hours.

hours of measurements for the combined dataset B'%°"

and the Fyrr-dataset—Fhe Jone-exception-is-backscatter ratio R332". We see that the combined dataset includes the summer

months where no measurements of R128* are available. During the other months the R'%%* dataset is larger as well, compared

to the R3g2" dataset,
We calculated the monthly mean backscatter ratios Ri%%* and R'%4, omitting the month of December —where only 3

hours of data—a

vartability—Fer-all-other-moenths;-measurements are available. For this we first calculated hourly averaged backscatter ratios

smoothed in altitude with a running mean of 1.1 km. Then we calculated the average for the two telescopes. Finally the mean
of the hourly profiles is calculated for each month. The standard error of the mean is given by o,, = o/+/n, where o is the

standard deviation and 7 is the

number of measurement hours per month.
The results for the nighttime backscatter ratio

17
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Figure 10. Monthly mean aerosol backscatter ratio R'°®* from 208 measurement runs from 2014 to 2017. The dataset contains night and
daytime measurements and includes a total of 3646 hours.

2044-and-2047—. We have excluded the month of April in the R2954 dataset as the mean error between the tropopause and 34

06 o p1d McasSt d W 1064735 HcasSy a—Gaytg oG O O W H UTa—ahia v, 5

addi as . Now the dataset also covers the summer months. In the months where both

datasets R'964 and R195% are available the datasets agree.

o204 4+a-20 A

Fo 440 FtheF A R0 sets-show g seHeads-The uncertainties of the monthl
mean backscatter ratios R4 result to o,,(R1°%*) = 0.06 at 11 km and o,,(R!°%*) = 0.02 at 34 km and are dominated b

the uncertainty of the fit R333(z).

The 1" and the R332" datasets both show enhanced aerosol backscatter in September in the lower stratosphere between
12 km and 18 km. These high aerosol levels originate in-Canadian-wildfires-and-therefore-from wildfires with strong pyrocu-

7 g7 aata

mulonimbus activity over western Canada —in September 2017, The smoke reached Europe 10 days after its injection ia-into
the lower stratosphere(s G i i

in detail by Ansmann et al. (2018) .
During the winter months ;-(November to March) the peak and the top of the aerosol layer is located at significantly lower

~ This event has been studied

altitudes, compared to the rest of the year. In this time-period the peak of the layer is found-mestly-in-between12-te-most often
found below 22 km. Stratospherie-airis-sinking-This is likely caused by the descending air within the polar vortex in winter.
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H-However, the location of the ALOMAR observatory is loeated-under-—close to the edge of the polar vortex, this-effeetis-seen
in-the-aerosol-data—Both-datasetscover-this-behaviour-welso during the winter months we observe sometimes air within the
vortex and sometimes outside the polar vortex. This results in a variation of the altitudes of the peak of the layer during the

winter months.

We have detected-A key finding of the new dataset R'°%4 is that the stratospheric aerosol reaches well above 30 kmespeeiathy
during-summer—We-find-backseatterratio-valuesin—-Rgsrabeve-. In summer the typical backscatter ratio at 30 km ef-abeut

05-with-a-tvpical-uneertaintv-of-0-02—A-nreseree—ma

is R1%%! ~ 1.05 4 0.02. So there is clear evidence

for aerosols at this altitude. This finding is in contrast to previous studies where the authors assumed an aerosol free altitude
starting at 30 km to-0-8-at34-(McCormick et al., 1984; Barnes and Hofmann, 1997; Khaykin et al., 2017; Zuey et al., 2017) .
However, all of the previous studies were performed at mid to low latitudes.

5 Summary and conclusions

We have described the calculation of backscatter ratios using elastic (Rayleigh+Mie) and inelastic (Raman) scattering. For
investigation of the stratospheric aerosol layer inelastic scattering is available only during nighttime. To our knowledge no
lidar instrument exists that measures the stratospheric aerosol during daytime using the classical Raman method of calculating
a backscatter ratio from elastic and inelastic scattering.

An extension of the backscatter ratio time series to daytime using close in time nighttime inelastic signals allows to observe
small scale structures present in the stratospheric aerosol even during daytime. We present for the first time multiple sharp
background aerosol layers of less than 1 km —Mestidar-measurements-arefonger—Foravertical thickness that partly move in
parallel to each other over several days.

To calculate the backscatter ratios R4 and R°3? during daytime where Raman signals are not available we have developed
a proxy that is based on the measured color ratio of elastic scattering at the wavelengths 1064, 532, 355 nm and an empirical
correction function. The color ratios with respect to A = 355 nm already yield reasonable values for the backscatter ratios.

However, the color ratios are about 5 measurement-the-uneertainty-does ot exceed-0.02-over the-complete-altitude range—%

smaller than the backscatter ratios.
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i A correction function was calculated from multiple measurements of the backscatter ratio R322
in the period from 2000 to 2018. The measurements show a linear decrease of R332 with altitude. The largest uncertainties
on the monthly mean approximated backscatter ratio (R'°%* and WWM@E%GR)WWM

altitudes of the altitude-approaching-the-nermalization—ran

aerosoHoads—Thisis-due-to-the-fact—that-stratospheric aerosol layer, but even there we have observed that the approximated

backscatter ratio deviates from the eorrectionfit-profilefzs was-derivedfrombackeround-profiles-with-commen-aerese

(See-Hig—3)—Another-example-is-the-first-year-round-this correction function we calculated for the first time a seasonal cycle
of backscatter ratios at high latitudes including the summer months. A dedicated seasonal cycle of the stratespheric-aeresel

7

and-leads-to—a—year-round-datasetpeak of the aerosol layer with higher altitudes in summer and lower altitudes in winter is
found. The top altitude of the layer varies in a similar way throughout the year. The aerosol reaches as high as 34 km during

the summer months.

tWe propose.
to use this new method of calculating the backscatter ratio of the stratospheric aerosol layer from pure elastic scattering for the
study of decadal scale variations at high latitudes. Furthermore, the study of variations in stratospheric aerosol at the smallest
scales detectable (df < 5 minutes, dz < 150 m) will benefit from the method as elastic scattering provides a better signal to
noise ratio during night- and daytime.

Code and data availability. The datasets used in this study can be obtained by contacting the first author
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