Dear Reviewer #1,

We thank you for the detailed revision of our manuscript. We have considered all your suggestions
and we have modified the manuscript accordingly. We believe that the manuscript has been
significantly improved in clarity of the text, readability and visualisation of the data in the graphics.
Below we provide the answers to the general and detailed comments of the Reviewer.

General comments

It appears that the structure of the manuscript has not been thought through well (e.g. a few singular
subsections exist that are not followed by matching subsections) and the manuscript often reads like
an extensive lab report. The resulting lengthiness of the manuscript makes it difficult for the reader to
grasp the main messages. In addition, the manuscript needs a thorough editorial read (if possible by a
native speaker).

A thorough editorial revision of the manuscript has been done. The whole text has been improved
for the level of English, the readability and clearness of the independent sections. Many sections
have been merged and the stand-alone sub-sections have disappeared. Parts that were too technical
and did not need to stay in the manuscript have been moved to the supplement.

The comparison to the in-situ measurements is not very convincing and needs a thorough revision.
After studying the manuscript, it is not really clear to the reviewer what new findings have actually
been brought up to the table.

The comparison of the retrieved layers by PathfinderTURB with the in-situ measurements at
Jungfraujoch is now easier to understand and the correlation between the two datasets is
straightforward. Figures 6-9 have been completely re-done.

Point-by-point answer to the Reviewer

The current manuscript is full of acronyms. | suggest to add a table with a summary of all acronyms at
the end of the manuscript.

Done.

Page 3: Before describing the retrieval algorithm | would suggest to add a paragraph/ subsection on
the instruments being used.

We agree with the Reviewer that a description of the used ceilometer should go before the section
describing the PathfinderTURB, we have then moved section 4 after section 2 and right before
section 3. Section 4 (now Section 3) has been re-written to improve the readability and avoid all
repetitions that occurred in the previous version. The overall section has also been shortened.

Page 5, line 31: Why are different bin heights used for the two different sites? Do the numbers given
here relate to the vertical or to the slant path?

We added a phrase to the text to explain the different resolutions used. The different range and time
resolutions, with longer integration at KSE, are necessary to compensate the slant path effect and the
fact that at KSE the SNR is normally smaller than at PAY due to the smaller concentration of aerosols
at these high altitude.



Page 6, line 10: This statement (”... the overlap of the ceilometer is normally sufficiently large ...”)
implies that there are exceptions. Please clarify.

Yes, each and every ceilometer can have a different receiver-transmitter overlap function, the bi-
static ceilometer like the CHM15k can have as large overlap as 0.5 at 350 m, which means that
physical measurements of range corrected signal can be performed already at that level.

Page 7, line 7-8: Why are the gradients different for the early morning periods?

The text has been modified and improved for clarity. A full explanation about why we use different
thresholds has also been added.

Page 7, Eq. 1 and 2: Please use a more mathematically sound way to describe your formulas (i.e.
avoid entire words like ‘weights’ and use Greek letters instead, also add the specific time and height
dependencies).

Done

Page 9: Second sentence is a repetition from page 6.

We have modified the text.

Figure 1: The first and last panel show more or less the same thing and could be combined.

We have preferred to keep the two panels separated in order not to start directly with a panel with
many parameters displayed and the weights.

Avoid the sub-panel titles since the date is already given in the caption.

Done

Please define the acronyms in the legend once more in the figure caption. The colour scheme in panel
c is not very suitable to detect the overlaying retrieval results.

They all are defined in the current and previous sections.

Page 12, line 9: Here, the full overlap is stated to be at 800 m while on page 6 it is stated to be 350 m.
Please clarify.

Here we speak about the full overlap, which for the KSE and PAY ceilometers corresponds to 800 m.
Before in the text, the 350 m is just a level situated well above the first overlap point (80 m) and at
which physical measurements of range corrected signal can be performed.

Equation 3: It should be S(r; t) to be consistent.

Done

Page 13: Section 4.2.1 is not followed by a section 4.2.2 as one would expect. There are also some
repetitions in that section which should be removed (e.g. the information on the tilted angle). Parts of
this paragraph are of motivative nature and should be moved to the introduction.



We have moved section 4 after section 2 and right before section 3. Section 4 (now Section 3) has
been re-written to improve the readability and avoid all repetitions that occurred in the previous
version.

Figure 3: Are both plots really needed here? The lower plot could be moved to the supplement and the
key-numbers could be mentioned in the text. The size of the figures is quite large and could be
decreased. Please improve the figure caption by avoiding individual acronyms (like ‘manualPBL’) and
by writing full meaningful sentences so that the reader understands the figure without going to the
text and finding the acronyms.

We believe that the two plots bring different point of views that allow the reader to understand the
different density regions of the comparison between manual and automatic retrieval of the CBLH
(top panel), and to have a more detailed and quantitative information about the Gaussian-like shape
of the distribution, all statistics and the distribution of the outliers (bottom panel). We have then
decided to keep both panels. The caption has been improved for readability.

Page 17, line 18: bR is not defined yet.
The bR method is now defined in Section 6.1.

Figure 4: Again, these two panel figures can be reduced to one main figure. The lower panel could be
moved to the supplement.

Same as above

Please add uncertainty bars in the scatter plots. The caption is also not consistent with the axis
labelling (in the figure MLHbR is shown which is called RS(bR 12H) in the caption).

Done

Page 20: Again, no section 6.1.2 is followed after 6.1.1. Have the authors really carefully thought
about the structure of their manuscript?

We removed the sub-section title.

Sect 6.3.3, Table 1 and Figure 7: | have my doubts that these results are really robust and trustworthy.
On page 22, line 2-5, the authors state that the results of the LCBLH retrieval for the winter months
were not taken into account due to the lack of statistical significance. However, they are now (in
terms of the LCBL and CAL reaching JFJ) discussed in detailed and presented in Table 1 and Figure 7.

Figure 7 has been removed (as requested also by the other Reviewer). Figure 6 shows now also the
winter daily cycle of TCAL and LCBLH.

If the algorithm can’t retrieve the height of the LCBL, how can you be sure that the JFJ is inside the
specific layers? This part needs to be thoroughly revised by adding statistical values (like data
coverage) to the table. The reader needs to know how trustworthy these values are.

The algorithm PathfinderTURB have no problem retrieving the LCBL when the layer exists and the
ceilometer shows it. The winter statistic consist of less data just because the LCBL can rise above the



KSE only rarely during winter. Nevertheless, we have decided to show the winter average daily cycle
in Figure 6d and to discuss quantitatively the related statistics. The entire Section 6. has been
rewritten accordingly to the new figures and to improve the text clarity.

Figure 7 can be omitted since it is a repetition of Table 1 and nothing new is learned from it.

Figure 7 has been removed.

Section 6.4: The comparison to the in-situ measurements is not very convincing. Why did the authors
choose the absorption measurements (MAAP) instead of the scattering measurements
(nephelometer)? Most of the signal of the ceilometer comes from particle scattering (backscattering)
so | would assume it is more related to the nephelometer measurements.

The author’s intention is to study the impact of an aerosols layer on an in-situ measurement that
provide a proxy for the presence of the layer itself. In this sense, any extensive aerosol property is an
excellent proxy for the presence of an aerosol layer. Moreover, the absorption coefficient is
indirectly a measurement of the black carbon concentration, which is a good proxy for CBL air.
Incidentally, for most of the studied period, the nephelometer measurements were not available.

Figure 8 is also not convincing at all. All individual seasons show almost no correlation, while the
improved annual correlation is therefore only a result of the overall seasonal variations. Besides the
fact that the axis ranges in Fig. 8 are poorly chosen, | still don’t understand why one would expect a
linear relationship. The linear relationships are not at all clearly seen in the figures. Please clarify and
revise.

We agree with the Reviewer that the previous Figure 8 was difficult to read and did not bring a
straightforward message about the relation between the TCAL/LCBLH and the in-situ measurements.
We have decided to change completely the visualization of the sought relation and we have found a
clear and robust way to show this relation. The majority of the text has been changed accordingly to
the changed figures. The current figures 7, 8 and 9 have now the same layout and are very consistent
with each other.

Figure 9: This figure is very difficult to interpret. The differences in the specific seasons are impossible
to distinguish. Why would one expect a linear relationship? Maybe plot the seasons separately. The y-
axis range should be improved.

As explained above

The conclusion part has to be revised and shortened to the main findings. Currently it is just a
repetition of the result section. What have we actually learned?

The Conclusions have been entirely re-written.

In all figures with linear regressions: Please specify which regression type (orthogonal?) has been
applied.

No linear regression has been performed anymore in the new plots. So no confusion will arise from
it.



For many of the figures it is not clear which averaging time or temporal resolution was used. Also an
uncertainty analysis (error bars) are missing which should be added.

All necessary information about data clustering, temporal resolution and uncertainty is now provided
for Figures 7, 8 and 9.

Minor comments

Abstract and beginning of section 4: CHM15k is not properly defined.

It is now specified that is a specific type of ceilometer.

Page 9: Add the specific figure number before the panel label (i.e. Fig. 1a).

Done

Page 2, line 31: Define ‘TURB’ at its first occurrence.

Done

Page 1, line 25: Operating the ceilometer/lidar in a tilted mode is actually not so novel and has been
performed at Kleine Scheidegg in previous work (see Zieger et al.(2012), Spatial variation of aerosol
optical properties around the highalpine site Jungfraujoch (3580 m a.s.l.), Atmos. Chem. Phys., 1,
7231-7249, doi:10.5194/acp-12-7231-2012).

Thanks to the Reviewer for highlighting the missing reference. Zieger et al have already used a tilted
LIDAR at JFJ but only for 9 days back in 2010. What was missing then was the creation of a dataset
large enough to create a statistics. The study is now cited and discussed in the introduction.

Page 11, line 24: Remove KSE from the parenthesis.

Done

Page 17, line 33: Mention the specific panel labels.

Done

Page 24, line 3: Two dots

All figures have now a full stop punctuation in the caption (Figure XX.)

Page 24, line 15: | would call them pie charts and not circle charts.

Figure 7 has been removed

Page 25. line 7: | would not use the word ’polluted’ here.

“polluted” has been replaced by “aerosol-laden”



Page 27, line 2: Add the missing figure number.

Done

Sect. 6.4 and throughout the text: Define the height of TCAL as TCALH to be
consistent with LCBLH.
TCAL is already a height, it is the Top (height) of the CAL.

Figure 9: The superscript in the y-axis label is not properly set.

Figure 9 has been replaced with a new one.

All figures: Please be consistent with the format of your axis labels (i.e. obeying
the case sensitivity). If you use acronyms, please define them once more in the
figure caption.

Done.



Dear Reviewer #2,

We thank you for the detailed revision of our manuscript. We have considered all your suggestions
and we have modified the manuscript accordingly. We have noticed that your review was based on
the version of the paper before the technical revision. Nevertheless, the scientific content and the
structure of the paper have not changed much after the technical revision. We have then proceeded
to the revision of the manuscript based on your comments.

Below we provide the answers to the general and detailed comments of the Reviewer.

General comments

In general the core concepts of the manuscript are presented in a vague and confusing way with
many repetitions. This manuscript as currently written will make readers work way too hard to
understand the results. It contains too many misspellings and syntax mistakes. In general, could you
please try to write shorter sentences (some of them exceed 60 words per sentence!). | suggest, that
the manuscript needs a language editing by a native speaker. If the authors could clarify the analysis
and structure, it would result in a much improved paper.

A thorough editorial revision of the manuscript has been done. The whole text has been improved
for the written English, the readability and clearness of the independent sections. Many sections
have been merged in order to clarify the manuscript’s structure and all repetitions have been
removed. Parts that were too technical and did not need to stay in the manuscript have been moved
to the supplement.

Detailed comments
Title p. 1,1.4-5: check order of name and first name.

Done.

Abstract Could you please clarify the structure of the abstract in order to improve readability (e.g.
introduction, experimental sites and instrumentation, algorithm, validation, results, conclusion)?

The abstract has been rewritten and shortened. It now reads in a much clearer way.

What is the meaning of TURB in “PathfinderTURB”?

The meaning of the name PathfinderTURB is now provided directly in the introduction.

Manuscript: The extensive use of abbreviations and symbols makes reading the manuscript hard.
Could you please reduce the number of abbreviations and symbols used in the ms?

We added a list of acronyms at the end of the manuscript to help finding the meaning of all of them
in a same place. Moreover, we tried to limit the use of acronyms where possible throughout the text.

Check space between number and unit throughout the ms.

Done.

Check space between number and unit throughout the ms.



We have moved section 4 after section 2 and right before section 3. Section 4 (now Section 3) has
been re-written to improve the readability and avoid all repetitions that occurred in the previous
version.

p.3 1.10-13: “The difference between the ML and the CBL is in the 10 term “mixed” (and not “mixing”)
where the mixed layer indicates a layer in which the profiles 11 of potential temperature and
humidity do not vary much in height and the particles and gases 12 are well-mixed, but are not
necessarily still mixing.“ Please delete first part of the sentence. Why do you use italic type for “mixed
layer”?.

The sentence has been removed.

p.4, 1.1 What do you mean with “atmospheric concentration observations“?

The sentence has been replaced by: “observations of atmospheric compounds at different
concentrations”.

p.4, .13 Delete “respectively”.

Done

p.5, .1-8 Maybe this belongs rather to chapter 3?

The paragraph has been shortened and rephrased.

p.6 Suggestion: Describe the Pathfinder algorithm and the new PathfinderTURB algorithm in chapter
3. Please delete the description of the measuring sites. Describe the measuring sites first, so you can
refer to this chapter without repeating this information several times in your ms.

Done.

p.7, .20 “compared with the night”?

The phrase has been replaced by “...the SNR drops below the value 0.6745 already at low altitudes
due to the enhanced solar background”.

p.14, 1.3 “Remote sensing and in-situ observations at Payerne and Kleine Scheidegg“. What about the
JFJ?

The title of the new Section 3 is now: 3 Description of instruments and sites.

p.14 Please refer only to the measuring devices used in this study.

Done.

p.15, 1.9 Please be consistent using “m a.s.l.”.

Done.



p. 16 Information about the tilted zenith angle of the ceilometer was given several times
(e.g. p16, 17, 38).

Repetitions have been removed.

p. 16-17 Be consistent when introducing symbols (e.g. p.16, . 12 vs. .13, p. 17, 1. 12
etc.).

Symbols in the equations and in the text are now consistent with each other.

p.17, 1.28 ff. Maybe you put all Methods in a method section and all results in a separate chapter. Try
to omit repetitions

Section 5 has been re-written and parts that were too technical and did not bring essential
information to the reader have been moved to the Supplement . We tried to remove all repetitions.

p.17, 1.32 “We believe” ?.

We have removed it.

p.18, 1.2 “Therefore, the PathfinderTURB algorithm”.

Done.

p.18, 1.10 Please write formulas in a convenient way (a = b+c).

The equation has been removed.

p.18 Please re-write chapter 5.1 “Human expert CBLH retrieval” in a straight way, so that it is easy to
understand. Concentrate on the most important facts. Do not use the appendix for repetitions. What
is the reason for the division of the experts in the test group and the reference?

Section 5 has been re-written and parts that were too technical and did not bring essential
information to the reader have been moved to the Supplement . We tried to remove all repetitions.

p.18,1.9 Remove space between “cases” and full stop.

Done

p. 20,1.10 Change “timeseries” to “time series”.

Done.

p.21,1.4 Write “w.r.t” out.

Done

p.22, 1.1 What do you mean by “unphysical jumps”?



the sentence has been removed

p.22, chapter 5.2 Could you reduce the number of symbols and abbreviations used in the text. It is
way too hard to read the ms.

We added a list of acronyms at the end of the manuscript to help finding the meaning of all of them
in a same place. Moreover, we tried to limit the use of acronyms where possible throughout the text.

Be consistent when referring to Figures (Fig. X or Figure X).

Done

p.25,1.14 Change “(Henne at al., 13 2004)This” to “(Henne at al., 13 2004) .This”.

Done

p.25-28 seems to be a combination of literature review methods and repetitions.

We have partially re-written and shortened Section 6. Nevertheless, the first part of Section 6 before
section 6.1 it’s fundamental to explain the dynamics occurring in complex topography.

p.35 “amplitude (max/min)“. Delete (max/min)

The whole section does not exist anymore, it has been entirely rewritten.

Fig.1: The quality of the printed graph is not very good. Especially in the third panel it is difficult to
differentiate between TCAL and CBH and the background colours.

Figure 1 (now Figure 2) has been edited and the quality improved.

Fig.2: The aerial view is not very meaningful and could be deleted.

Done.

Fig.3 and 4 upper panel: Could you insert the standard deviation or measuring error in
the scatter plots for both methods?

Done.

Fig.3 and 4 upper panel: Could you insert the standard deviation or measuring error in
the scatter plots for both methods?

We added error bars in Figure 4a. The error bars were not possible in Figure 3a, but the RMSE is
indicated.

Fig. 6: 1 don’t get the meaning of the left legend. Furthermore, it is not easy to detect the line of the
1h.running median TCAL. Please delete the doubled full stop in the caption (p.31, 1.4).



The “iqr” stays for inter-quartile range, this is now clearly stated in the text and the caption. We have
enhanced the DPI of the figure and the 1h-running mean line is now more visible. We removed the
double full stop.

Fig.8 and 9: Use smaller dots to minimize overlapping dots. Could you please improve
readability of the symbols in the legend?

Figures 8 and 9 have been replaced by new figures.

Literature Check order of name and first name (Baars et al. 2008, Balzani et al. 2008),
placement of the year (Henne et al. 2010)

Done
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PathfinderTURB: an automatic boundary layer algorithm.
Development, validation and application to study the impact
on in-situ measurements at the Jungfraujoch.
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be—earefully—translated—into—beoundary—layer—pararmeters—Here—weWe present the development of the

PathfinderTURB algorithm for the analysis of ceilometer backscatter data and the real-time detection of the

vertical structure of the planetary boundary layer. Two—typical aerosol layer heights are retrieved by
PathfinderTURB: the Convective Boundary Layer (CBL) and the Continuous Aerosol Layer (CAL).
PathfinderTURB combines the strengths of gradient- and variance-based methods and addresses the layer
attribution problem by adopting a geodesic approach. The algorithm has been applied to one year of data
measured by two SHMI5k-ceilometers of type CHM15k, one operated at the Aerological Observatory of

Payerne (491 m, a.s.l.) on the Swiss plateau, and_one at the Kleine Scheidegg (2061 m, a.s.l.) in the Swiss Alps.
The retrieval of the CBL has been validated at Payerne using two reference methods: (1) manual detections of
the CBL height performed by independent-human experts using the ceilometer backscatter data-ef-the-year2644;
(2) values of CBL heights calculated using the Richardson’s method from co-located radio sounding data. We
found average biases as small as 27 m (53 m) with respect to reference method 1 (method 2). Based on the
excellent agreement with the two reference methods, PathfinderTURB has been applied to the ceilometer data at
the mountainous site of the Kleine Scheidegg for the period September 2014 till November 2015. At this site, the
CHM15k is operated in a revel-tilted configuration at 71° zenith angle to probe the airatmosphere next to the
Sphinx Observatory (3580 m, a.s.l.) on the Jungfraujoch (JFJ). The analysis of the retrieved layers led to the
following results: the CAL reaches the JFJ during 41% of the time in summer and during 21% of the time in
winter for a total of 97 days during the two seasons. The season-averaged daily cycles show that the CBL height
reaches the JFJ only during short periods (4% of the time}), but on 20 individual days in summer and never
during winter. Especially during summer the CBL and the CAL modify the air sampled in-situ at JFJ, resulting
in an unequivocal dependence of the measured absorption coefficient on the height of both layers. This
highlights the relevance of retrieving the height of CAL and CBL in-meuntaineus—regionsautomatically at the
JEJ.
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1 Introduction

During convective periods, particles and gases are mixed homogeneously within the convective boundary layer
(CBL). The upper limit of the CBL corresponds to the interface between the well-mixed region and the free
troposphere (FT) above it. This interface, also called entrainment zone (EZ), is a turbulent transition zereof few
tens to few hundreds of meters thick characterized by negative buoyancy flux. The deseription—and
detectionstudy of the EZ and the way the CBL air is mixed through it has drawn particular attention ia-studies
abeutthe-CBL-dynamies-during the last decades. There are various methods to study the CBL and the EZ, based
on profiles of temperature, backscatter or turbulence measured either by radio-sounding or by passive and active

remote sensing or calculated by numerical models. Amongst the different observational methods, the remote
sensing technique ensures the largest amount of profile data. Active remote sensing (acoustic or laser-based)
provides the best vertical resolution allowing to resolve the multiple transitions (including the EZ) between
different layers in the CBL and the FT. FheProbably the best-suited instrument used—fer—eurto study these
dynamics at high temporal and vertical resolution is athe ceilometer, a low-power, compact and cost-effective
version of a research LIDAR. A ceilometer is a laser-based instrument normally single-wavelength,—and-emits
linearhy-polarized-aser-tightemitting in the near-infrared spectral band (800-1100 nm), where-the-sighak-is-highly

sensitive to aerosols and cloud droplets. In the early 2000’s, the majorfirst manufacturers (e.g., Vaisala,

Leosphere, MPL, Jenoptik) started producing ceilometers with the capability to store the fuHentire backscatter
profile instead-ofin addition to the cloud base enly—As-a-censequenceheight. Rapidly, ceilometers have been
rapidhyrecognized by the-national meteorological services and research centres in Europe and worldwide as an
efficient and affordable way to study the troposphere using aerosols as tracers (e.g., Miinkel, 2007; Flentje et al.,
2010; Martucci et al., 2010; Heese et al., 2010; Wiegner and Geiss, 2012; Wiegner et al., 2014).
CeilemetersOver the last decade, ceilometers have increased significantly in number especially in Europe-and

the, United States especiathy—overthelast-decade—and Asia , now reaching nearly 1000 units only in Europe
alene (http://www.dwd.de/ceilomap). If combined in a single large network, all ceilometers could provide

helpful information on the vertical and horizontal distribution of aerosols and on the status of the CBL over a

very large geographical domain in near real time.

In order to process automatically a large amount of data over a large and geographically-diverse domain, we
need an algorithm capable ofretrievingto retrieve the vertical structure of the mixedboundary layer (MEBL)
during both convective {€BL}-and stable {SBL)}-conditions and over both flat and complex terrain. Fhe-term
Skl emnnl e e et e L s fn el e sl e D srene L s e condliLions
inside the stable BL (SBL) are generally stratified, and huridity-do-rot-vary-much-in-height-andcharacterized by
strong radiative cooling especially during clear nights. On the particles-and-gases—are-wel-mixed;-but-are-not
necessarty-stilb-mixing—Whereas—withinother hand, the CBL there-is characterized by an ergeing-active mixing
normathy-relateddue to the daytime cycle of thermals updraft and downdraft-eyele—tnside-the-Ml—{and-to-seme
extent-also-in-the-FH)-several-. Several aerosol layers can be-formed:—an-form inside the BL (and into the FT by
advection), so the difficulty of discriminating one layer from another is directly proportional to the number of

layers. An efficient retrieval method shall then-solve the attribution problem (layer categorization), i.e. the

uhambiguous—detections—of—the—shall detect unambiguously the different aerosol layers and the EZ. The
attribution problem still remains one of the major sources of uncertainty affectingrelated to the MECBL and SBL

2
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height (MiH)-retrieval. In order to respond-to-these—requirementsaddress the attribution problem, we have
further developed;—vatidated—and—applied—_the pathfinder algorithm originally described by de Bruine et al.
(2016y). We have then validated our own-developed version of pathfinder algorithm and eptimized—it—for
theapplied to real-time detectiondetections of the vertical structure of the €BL—Fhe-nrewBL above complex
terrain. This improved version of the pathfinder;_algorithm, is called PathfinderTURB-is-a-gradient- (pathfinder
algorithm based layer—detection—algorithm-—that,—in—addition—to-thetraditionalgradientdetection,—makes—on

TURBulence), to highlight the use of the-aerosol distribution temporal variability (variance) to detect the
MEH-TFhe-validatedBL height. PathfinderTURB has been applied to the data of a ceilometer installed at the
Kleine Scheidegg to probe the air that-is-sampled_by the in-situ instrumentation at the high Alpine station

Jungfraujoch (JFJ). The JFJ is part of numerous global observation programs like GAW (Global Atmospheric
Watch), EMEP (European Monitoring and Evaluation Programme), NDACC (Network for the Detection of
Atmospheric Composition Change) and AGAGE (Advanced Global Atmospheric Gases Experiment). Most

importantly, in the context of this study, JFJ participates with in-situ observations as a level-1 station in the
ICOS project. In contrast to other ICOS sites located over flat terrain, it was decided to install the ceilometer at

KSE to characterize the CBL below and above the JFJ. The presence of the aerosols detected by the ceilometer
and the frequency at which these reach the JFJ, are directly compared to the optical, chemical and physical in-

situ measurements of aerosols and trace gases at the JFJ. Several in-situ instruments are installed at the JFJ and

operate continuously since many years to measure aerosols, trace gases and several meteorological parameters

(Bukowiecki et al., 2016). Instruments of direct interest to our study are: a condensation particle counter (CPC;

TSI Inc., Model 3772), which measures the particle number concentration and two instruments providing aerosol

absorption coefficients: a Multi-Angle Absorption Photometer (MAAP) measuring at 637 nm and an

aethalometer (AE-31, Magee Scientific) measuring at seven different wavelengths. The fact of measuring

remotely with a ceilometer the presence of the Ml—directhy-at-the-IF3-andCBL air in real time providesan-and
close to the JFJ for more than one year is unprecedented-pessibitity. A recent study by Zieger et al (2012) has

used a scanning LIDAR tilted at 60° Zenith angle for 9 days to probe the air close to the JFJ . Also based on the

results of the study by Zieger, we have decided to improve their instrument set-up and to install a ceilometer

probing even closer (few meters) to the JFJ and for more than one year. This has allowed to create a statistics of
CBL-events and to describe quantitatively the relation between the MECBL dynamics and-the-aeresels-measured

level-1-1COS-stations—(rising and falling) and the aerosols optical properties at JFJ. The relevance of such

measurements becomes also clear in the framework of ICOS, where the detection of the CBL height in theirthe
vicinity of a level-1 ICOS stations is requireda requirement to serve—as—a—validation—datasetforvalidate the
atmospheric transport models. This is crucial when atmospheric—eoneentration—observations sheuldof
atmospheric compounds at different concentrations must be translated into greenhouse gas fluxes between the

atmosphere and the land surface.
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2 Overview of existing algorithms

Traditionally, the retrieval of the MHBL height from the backscatter profile of a LIDAR can be done using two
types of methods: (i) the gradient-based algorithms that track gradients in the vertical distribution of aerosols
(gradient of the backscatter profiles), (ii) and the variance-based algorithms that track fluctuations in the
temporal distribution of aerosols (variance of the backscatter profiles). Some algorithms combine both
techniques, which makes the MEHBL height retrieval more robust especially in convective conditions when the
MLEBL dynamics change rapidly.

The gradient-based algorithms retrieve the MHBL height by tracking the well-marked drop in the aerosol
concentration that often occurs at the base of (or within) the EZ in convective conditions or at the level of the
temperature inversion capping the residual layer (RL), in neutrally-stratified conditions. All vertical negative
gradients found starting from the ground are transitions between different aerosol layers and correspond to peaks
along the LIDAR backscatter gradient profile. All peaks are labelled as possible candidates of the MEHBL
height (layer attribution) at each time step. The traditional approach using numerical approximations of the first
or second derivatives of the LIDAR signal (e.g., Menut et al., 1999), has been improved by using the wavelet
covariance transform and the fact that the strong gradient occurring at the top of a layer exists at both small and
‘ large scales allowing the wavelet-based methods to reduce the uncertainty when assigning the MEHBL height
(Davis et al., 2000; Cohn and Angevine, 2000; Brooks, 2003; Baars et al., 2008; Angelini et al., 2009; de Haij et
‘ al., 2010; Frey et al., 2010). Alternatively, the Derivative of Gaussian {BOG)}-wavelet is used in Morille et al.
(2007) or the Daubechies wavelets in Engelbart et al. (2008). The Canny edge detection method (Canny, 1986)
also helps improving the retrieval of aerosol layers (e.g. STRAT2D: Morille and Haeffelin, 2010). Woeorth
rmentioninglt is also worth to mention the method proposed in Steyn et al. (1999), which consists #rof fitting an
idealized backscatter profile at the transition between the MBL and the FT. In the more recent literature there
are examples of different methods combining the LIDAR gradient-based retrievals with temporal height-tracking
‘ techniques, for example observational (Martucci et als., 2010a, b), predictive (Tomas et al., 2010) or model-
based first guesses (Giuseppe et al., 2012). Pal et al. (2013), proposed a simplified bulk-model combined with
‘ surface turbulence measurements and atmospheric variance measurements, to help selecting the MEHBL height
amongst all candidates. Collaud Coen et al., (2014), used a gradient-based temporal continuity criterion to reduce
the problem’s degeneration and improve the attribution skill. In the study described by de Bruine et al. (2016)
presenting the pathfinder algorithm, the gradient field and guiding restrictions are taken as core information to
‘ retrieve the MEHBL height based on the identification of the most cost-effective path (called a geodesic) along

the gradient lines in a graph.

The variance-based algorithms use the temporal fluctuations in the aerosol backscatter as a function of the height

‘ z to retrieve the MEHBL height. Within the EZ, cleaner, drier free tropospheric air is entrained repeatedly and
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mixed-in with the rising aerosol-laden, moister air coming from the MEBL. A variance-based algorithm can
detect the MEHBL height at the level where the backscatter variability reaches a maximum at the base or within
the EZ. Variance-based algorithms calculate the temporal variance of the backscatter profile at each range bin,
usually over periods shorter than one hour. Similarly to the gradient-based, the variance-based algorithms use
peaks in the smoothed variance profile as candidates for the M=HBL height (e.g., Hooper and Eloranta, 1986;
Piironen and Eloranta, 1995; Menut et al., 1999; Martucci et al., 2007).

Because the transitions between different aerosol layers and between the MEBL and the FT are characterized by
both a sharp gradient in aerosol concentration and by mixing of air through the interface, the variance- and
gradient-based algorithms normally provide similar retrievals of the MEHBL height. Still, the gradient-based and
the variance-based algorithms have their specific advantages and disadvantages under different atmospheric
conditions. Indeed, the depth and structure of the MLBL depend on non-linear interactions at different
timescales, induced by mechanical and thermodynamic mixing. When retrieving the MHBL height it is then
important to include in the algorithm more than one source of information (e.g. gradient, variance, a priori
information) in order to account for the largest number of atmospheric conditions and then to minimize the
attribution uncertainty. Combining the variance- and gradient-based methods allows to compare the two
retrievals at each time step (Lammert and Bdsenberg, 2006; Martucci et al., 2010a,b, Toledo et al., 2014). The
retrieval method STRAT+ (Pal et al., 2013), based on STRAT2D (Morille and Haeffelin, 2010), uses the Canny

edge detection applied to gradient profiles along with the information brought by the variance profiles and by the

radiosoundings to detect the main MEHBL height and internal boundaries as well as the growth rate.

has-been-apphed-to-the-celometer-dataat-two-sitesDescription of instruments and sites

Two ceilometers of type CHM15k-Nimbus (hereafter referred to as only CHM15k) manufactured by Lufft have

been deployed for this study at two sites in Switzerland: the Aerological observatory of MeteoSwiss at Payerne

(PAY, 491 m as.l., 46.799° N, 6.932° E) and the Kleine Scheidegg (KSE, 2061 m; a.s.l., 46.547° N, 7.985° E),

The CHMI15k is a bistatic LIDAR with a Nd:YAG solid-state laser emitting linearly-polarized light at a
wavelength of 1064 nm. It has a repetition rate ranging between 5 and 7 kHz, a maximum vertical resolution of 5

m, a maximum range of 15 km, a first overlap point at 80 m and a full overlap reached at 800 m (specific for
KSE and PAY ceilometers, Hervo et al., 2016). The standard instrument output is the background-, range- and

overlap-corrected, normalized signal S defined at range r and time t as:

S(r,t)= (P(r,t)—B(®))r?
C:CHM (t)OCHM (r)

(1)
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Where, B is the background, Ccyyy_is a normalization factor accounting for variations in the sensitivity of the

receiver and Ogyy is the temporally-constant overlap function provided by the manufacturer. At both sites, PAY

and KSE, the overlap function Ocw has been corrected for temperature variations following Hervo et al. (2016).

3.1 _ Sites description

The PAY site is situated in the centre of the Swiss Plateau between the Jura Mountain range (25 km to the

northwest) and the Alpine foothills (20 km to the southeast), as it is shown in the upper panel of Figure 1. The

measurement site is characterized by a rural environment leading to biogenic aerosols sources combined with

moderate urban emissions characterized by anthropogenic aerosol sources especially related to cars exhaust and

house heating. PAY is equipped with numerous meteorological measurements allowing to interpret and to
validate the measurements from the CHM15k. The most relevant measurements and instruments in the

framework of the presented study are the operational Meteolabor SRS-C34 radiosondes launched twice daily at

00 and 12 UTC (Philipona et al, 2013), and the surface sensors of temperature and humidity. The measurements

used for this study at PAY have been collected during the period January-December 2014.

The KSE is located in the Bernese Oberland Alpine region, (Figure 1, bottom panel). KSE is on a saddle point

between the mountain peak Lauberhorn (2472 m a.s.l.) to the northwest and the Jungfraujoch (3465 m a.s.l.) to

the southeast, and it is a pass between the semi-urban areas of Wengen and Grindelwald. This topographic

configuration has a considerable influence on the local wind circulation. Winds at the KSE are mostly blowing
along the SW-NE axis (Ketterer et al., 2014), whereas the prevailing wind at JFJ are from NW toward SE. The

JFJ itself is located on the ridge formed between the Ménch and the Jungfrau mountains and is 4.5 km to the

south-east and 1.5 km higher than KSE. Most of the atmospheric observations at the JFJ are obtained at the

Sphinx observatory (3580 m a.s.l.).

=

601

‘ PAY e
(40“30 == M

5 10 15 20 Distance [km] 30 35 40

.mm.m.
15538

3500 f—
- KSE
£ 2500
2000 s
0 0.5 1 1.5 2 2.5 Distance [km] 3.5 4 4.5 5 5.5

Figure 1. topography of PAY (elevation profile along the 127.2° Azimuth), and KSE (elevation profile along the

151.6° Azimuth) as provided by the federal office of topography (http://www.geo.admin.ch/). The red stars mark

the position of the ceilometers at PAY and KSE, the black diamond marks the JFJ position.

3.2 Special instrument settings for KSE

The CHM15k ceilometer at KSE was installed in August 2014 on the roof of the maintenance centre of the train

station. From September to November 2014 and from March to November 2015, the ceilometer was tilted at 71°
zenith angle with the laser beam passing close above (~20 m) the JFJ. From the beginning of November 2014 till
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the end of February 2015, the ceilometer was set back to the vertical position (5° zenith angle) to prevent the sun

shining directly into the ceilometer’s telescope.

The tilted setup of the ceilometer was chosen to observe the injections of CBL air at the level of JFJ and to probe

the same air as it is measured by the in-situ instruments at the JFJ. When measuring in slant path the maximum

vertical height, Rpax, depends on the tilt angle and on the instrument’s maximum range (15 km for the CHM15Kk),

at 19°elevation angle R, =2.069+15sin(19°)=6.64 km a.s.... This value of Ry, corresponds to a level

in the atmosphere where aerosols can still be present, this fact represents a problem when the solar background

must be removed from the ceilometer signal. The normal procedure of solar background removal consists of

subtracting from the ceilometer signal the median value of the signal itself over the last range bins (far range).

This is only possible when the far range is not contaminated by aerosols or clouds. In order to overcome this

problem a new technique of background removal depending on VAR(S) has been developed and applied to

each profile. VAR(S) _is calculated within spatial windows of 120 m to 1600 m width (in steps of 120 m) and

computed for all range bins between 390 m and 14970 m. The background corresponds to the median value of S

over an optimal window. The optimal window’s position is the one minimizing the average of its VAR(S)

values. The optimal window’s width is the one corresponding to the 75 th percentile of the VAR (S) values at the

optimal window’s position. If it is true that the background correction needs more attention when measuring at

tilted angle, a clear advantage related to in the slant path is that once the ceilometer’s beam reach the JFJ at 4.8

km the received signal is already in the full overlap region.

4 PathfinderTURB

PathfinderTURB adds a variance criterion to the original pathfinder scheme to retrieve the Continuous Aerosol
Layer (CAL) and the CBL. The uncertainty related to the retrieval of the CBL and CAL is minimized by using

the geodesic approach, which also allows a better adaptability of the algorithm to complex topography normally

characterized by multiple aerosol layers. In the framework of de Bruine’s work, the pathfinder technique was

applied to the measurements atof the tall-tower site-efat the Cabauw site in the Netherlands and successfully

PathfinderTURB) is—in—the—ability—tecan solve directly the attribution problem by eenstructingbuilding a
timesertestime series of beundarytayer’sCBL (and CAL) heights based-erusing the geodesic approach between

eonsecutiveadjacent points minimizing—a—wel-constructed—(minimization of the cost function—Cempared-to
pathfinder;). PathfinderTURB ¢ y ne i j ion-wi i 3

has been applied to the

3.14.1 Calculation of the Top of Continuous Aerosol Layer{+CAL)

The CAL is defined as the uninterrupted aerosol region along the backscatter profile starting from the ground
and reaching the first discontinuity in the aerosol distribution. The top of the CAL (TCAL) is then-defined as the

7
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height of the retrieved discontinuity.—ta-terms-of- LIDAR-backseatterprofilethe-CAL-is-the-part-of theprofile
thatis-net-interrupted-by-a-Rayleigh-backseatterfayer(purely-molecular)- The criteria to define the CAL are the

following (see also Supplement S4):

1. TFheSignal condition: the total (aerosol plus molecular) attenuated backscatter is larger than a threshold

Th that depends on the purely molecular backscatter profile at the ceilometer’s wavelength.
2. FheSNR condition: the signal-to-noise ratio (SNR) is larger than 0.6745.

and—overOver flat homogeneous terrain, ithe TCAL usually corresponds to the top of the RL during night and to

the height of the CBL during day. In complex and mountainous terrain, during daytime, the TCAL corresponds

rather to the top of the so-called injection layer. The injection layer washas been defined by Henne et al. (2004)
as the layer formed by injections of CBL air teat higher levels. The injections are engendered by thermally-
driven converging slope winds along the topography that-is-reaching higher than the average in-valley CBL _top.
In contrast to the CBL, the injection layer is only sporadically mixed and indirectly connected to the surface.
Conditien2(The SNR condition};, imposes that the SNR is larger than the-Gaussian-distributed 1-sigma value of
the signal noise. In other words, because the background signal (dark current plus stray light) is range-
independent and is considered to be Gaussian-distributed, the backscatter signal is considered noisy when it lies
within the 50%-confidence interval of the background signal. Fhe-statistics-of the-background-sighal-distribution
areThe noise is calculated in the far-range of the total signal. If the SNR condition is included, the retrieved
TCAL can be shallower compared to when only the signal condition is taken into account. That happens
especially during daytime when the SNR drops below the value 0.6745 already at lower—altitude—compared
withlow altitudes due to the night.enhanced solar background. In cases like this we cannot speak anymore of

TCAL, but rather of maximum detected range. Bepending-en-the-sky-coenditions+H\When clouds are present, also

the height of the first cloud layer detected by the ceilometer combined with the heights obtained by the SNR,

condition and signal eenditionscondition determine the TCAL.

2 celection.criter . ion of Pathi

4.2 Calculation of the Convective Boundary Layer Height

For a given day, the temporal evolution of the ceilometer signal is a matrix in time and space-where-each. Each
column of the matrix represents a profile at time t and constant range resolution. The noise level is calculated
from the photon counting signal using the method described by Morille et al. (2007). The signal is birned
smoothed in space and time at a-reselutienresolutions of {30 m;_and 1 miryminute at PAY and-{, to compensate
the reduced range due to the slant path, of 45 m;—2min}_and 2 minutes at KSE, then-smoothed-in-timeand
range-respectively. We provide here a description of the main selection criteria and the main assumptions on
which the CBL retrieval by PathfinderTURB is based. Further details efabout the algorithm, including the

calculation of the atmospheric variability (signal variance-at-the-miero-seale) and of the turbulence-enhanced
zones, and the mathematical steps leading to the expressions of the measured variables isare given in the
Supplement (S1, S2).
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321421 Lower altitude limit

Close to the ground, for most of the industrial bistatic eeHemeterceilometers, the overlap between the transmitter
and receiver is missing—er—close to zero. In this region, called blind region, the returned signal is—absent-or
extremely weak, dominated by the noise and it oscillates around zero. It is thus not possible to retrieve the CBL
height (CBLH) in this region (low clouds or fog detections are however possible). Above this region, the overlap
increases until becoming fulicomplete and the noise component becomes negligible compared to the signal at
least within the-GBLaerosol layers. A positive gradient is then expected at the transition between the blind region
and the region above. We thus define the lower altitude limit, minH, as the first range where there—is—athe
transition from a zero to a positive gradient_occurs and we impose minH not to be higher than 350 m (where the

overlap of the ceilometer is normally sufficiently large to allow physical measurements).

During the morning and until the end of the afternoon, we-expect-the CBLH te-Hie-at-teast-aboveexceeds the first
egion-from-the-ground-where-turbulence-is-observed—Fherefore—anheight minH due to its convective growth.
An additional inferierlower limit for the altitude is minHyyrg is—set, which delmitsmarks the first
appearanceonset of turbulence;-and-that-is-derived-from-the-ealeulation _starting from the ground. Turbulence is
calculated based on the temporal variation of_the LIDAR signal for each z-level due to the atmospheric

variability. The lower altitude limit minH is replaced by minHyyrg Whenever the latter is higher than the former.

The selected minimum limit is called liminf in Figure 1,

3224.2.2 Upper altitude limit

Different criteria are defined to calculate the upper altitude limit, maxH. These criteria are based on the a priori
knowledge of the climatological values-of-the-CBLH_value at a specific site (climatological limit) and on the
retrievals-of-differentretrieval of other aerosol and cloud layers made-before-thethat contribute to determine the

actual CBLH-retrieval. These retrievalslayers are: the TCAL-{which-includes—the-SNRHritation);, the cloud
base height (cloud limit), and the mixing discontinuities (strong negative and positive gradients). The minimum

altitude amongst the three limits determines the upper altitude limit, limphys, shown in Figure 1.

Climatological limit

A climatological limit can be set based on visually-inspected ceilometer data from previous years and on model-
simulated CBLH. The climatological limit depends on the site, and reeds-as-aput-consists of a maximal eenstant
CBLH value ferkept constant during the early morning, a maximal mean growth rate until the onset of the
afternoon;_decay and a maximal mean—growth—rate—between—the—two—periods—Hereafter,—CBLH value kept
constant after the convective growth . For the PAY site, the period called “early morning-period-is-considered-as
the—period-starting” starts at sunrise and endingends 2.5 hours (PAY5-3h3 hours at KSE) after sunrise. This
period reflects—a—coarse-estimate—of-the-delay-into the time-shifted onset convective plume fermation-and is
consideredassumed constant through the year. The afternoon period is considered to end at sunset. For our study
we used the limits 1500 m a.s.l, 3000 m a.s.l and 1 km/h for PAY and 3069 m a.s.l., 4069 m a.s.l and 1 km/h for
KSE for morning maximum CBLH, afternoon maximum CBLH and maximum mean growth rate, respectively.

Cloud limit
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Two types of clouds are considered: CBL clouds and non-CBL clouds. All cloud information (number of cloud
layers, cloud basesbase, cloud depthsdepth) are provided by the ceilometer’s standard outputs. A CBL cloud is
defined as a cloud detected by the ceilometer in the first (lower) layer, whose vertical depth is less than 500 m
and whose top (cloud base + depth) is lower than the site-specific climatological CBLH Ilimit set
beforebeforehand. This criterion is purely mathematical as the cloud depth provided by the ceilometer just gives
the depth of the not-totally attenuated part of the signal and not the real depth.

Strong negative and positive gradients

Strong positive or negative gradients indicate mixing-discontinuities in the vertical aerosol distribution and can
then be-taken-as-Hmits-of-correspond to the CBLH. Fhe-sensitivity-to-Strong positive gradients is-higherthan-te
negative-gradients-because-these-indicate normally a change ef-layerfrom thean FT region to an aerosol layer or

a cloud base-_or from a CBL region to a cloud base. Strong negative gradients correspond to a signal drop

between two adjacent gradient points of 25% (only 15% during the early morning period_due to the still present

RL above the forming CBL), whereas strong positive gradients correspond to a signal gain between two adjacent

gradient points of 15% (only 5% during the early morning period_due to the optically thin fog layer often lifted

above the forming CBL).

3.234.2.3 Growth rate induced-refinement

FheOnce the validity of the limits is eheckedaccepted (e.g. the lower limit eannot-be-higherthannot exceeding
the upper limit}—Fhen), the limits are recalculated backwardsback in time {-e—from 23:59 to 00:00),-taking-inte

aeeeunt, imposing a growth rate Hmited-teof +0.625m/s between two time steps (i.e. enby-jumpsAz < 37.5 m at
PAY and < 75 m at KSE-ir-altitude-are-allowed-between-two-time-steps). This growth rate is larger than the
climatological growth rate of 1 km/h, because it allows larger jumps over shorter time steps in order to account

for the convective dynamics, e.g. updraft and downdraft cycle.

3244.2.4 Weights

At each time step t-and-at-each-altitudez, a weight is-defired-asfunction Q defines the “cost” of passirg-by-{t-2);

v 7

cheeseattributing the CBLH at thatthe altitude anrd-timez . The weights are calculated by PathfinderTURB as the
product of the gradients weights and the variance weights. An offset is added to make the weights positive:

Whe‘:eQ(t' Z) = IOglO(QGrad (t' Z)+ QVar (t' Z))+ ‘mm(log 1O(QGrad (tall ' Zall )+ QVar (tall 1 Zall ))] —(2)

The offset is calculated taking the absolute minimum is-taken-forof Q over the whole day and at all altitudes.

The value of WeightS g5 (2,4 1S given by the inverse negative of the signal gradient-vakie-V'S, VS . The

weights corresponding to positive or zero values of V'S are set to 1000 times the largest weights of the inverse

10
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negative gradient values so that the cost of choosing a positive gradient is extremely high. The value of

weightsyz- Q,, is given by the inverse of the signal variance:, VAR(S) .

For the KSE site the weights are ebtained-by-the-same-as-equation{1)-butcalculated without the contribution of

shows a larger maximum at the noisy ranges instead at the highernoise-already-within-the-CBlL-we-preferred-not

to-useCBLH. Because at KSE the signal varianee-as-a-weightis measured along a slant path, the noise is higher at
lower altitudes compared to a vertical measurement (statistically over the entire dataset the SNR < 3 already at
850 ma.g.l.).

Grad Grad

Already within the CBL, the value of VAR(S) in eq. (2)_could lead to an incorrect retrieval of the CBLH, for

this reason eq.(3) is used instead .,

Qt, 2)=10g10(Qq(t, 2))+ min (10g10(C o (ta1 2o ))) @)

{everlapping-at-the-first-and-ast-time-steps)the The shortest path in a graph (the geodesic in the metric space
defined by the weights) areis calculated withusing the Dijkstra’s algorithm (Dijkstra, 1959)—felewing) and is
based on the original method efdescribed by de Bruine et al. (2016). The Q-weighted graph is constructed using

the signal profiles starting from the-matrix—+representation-of-the-timeseries,—thesunrise (midnight at KSE) over

consecutive intervals of 30 minutes (overlapping at first and last time steps) till sunset (23:59:59 at KSE). Within

the lower and upper altitude restrictions-andlimits, the-weights—Fhe graph only allows connections of one time
step in the positive time direction and jumps-of maximum 37.5 m (75 m KSE) amphitude-in the altitude direction.
A-newEvery shortest path starts where-at time t; when the previous shortest path has ended. In case the-previous
of failure of shortest path fatledcalculation, the corresponding time window is skipped, and the next shortest path
starts at the-range-of(t;, z) corresponding to the first local mirimatminimum weight. At the first time step (sunrise
andfor PAY, midnight for PAY-and-KSE;+espectively), the CBLH is set at the inferiorgraph-tmit-and-at-the
first local minimum weight at-RPAY-and-KSE;-respeetively-and constraint by the lower graph limit . The CBLH
time series calculated after sunset at PAY is discarded-(fer-PAY)-.

32.64.2.6 Quahity-Ratio quality check

AThe retrieved CBLH is checked for quality at each time step by a binary quality index (0/1)-is-set-foreach-time

step-of-theretrieved-CBLH-time-series:), where 0 corresponds to no CBLH detection. In case of rain or fog
{information-directhy-given-by-the-celometer);, the quality index is set to 0. Else;For all the other sky conditions

in order to perform a quality check we calculate the ratio of the mean ceilometer signal over 150 m above the
CBLH andto the mean eeHemetersignal over the 150 m below the CBLH-is-caleulated{the-distance-to-the
inferiorgraph-Hmitis-takenH-itistess-than150-m)—t-this. When the ratio is larger than 0.85 (i.e. the signal drop

11
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is less than 15%), the quality is set to O, else-itotherwise is set to 1.Fhis-quality-check-procedure-is-similar-to
. iietal .

3.34.3 Example of PathfinderTURB’s TCAL and CBLH calculation

each—time—step—bythe—ceHometer—The retrieval’s procedure is—the—felewingof TCAL and CBLH can be

summarized in three phases: pre-processing of S, CBLH and TCAL retrieval, and quality-check. In the pre-

processing stepphase, Vloglo(S), liminf and limphys are calculated. In stepphase two, the timeseriestime

series of the range-restricted V |Og10 (S) is transformed into a weighted graph and the CBLH is determined as
the geodesic calculated using the Dijkstra’s algorithm (Dijkstra, 1959) within predefined successive subintervals
during the temporal interval between sunrise and sunset. Finally, in stepphase three, the quality of the CBLH
retrieval is assessed based-enusing the sighal-ratio eritertonquality check.

Based on the-deseribed-retrieval-of-equations (2)-(3), the geodesic can be calculated in the metric space defined
by the weights;. PathfinderTURB folews-the-minima-in-the-vertical-aeresel-gradients-overcalculates a seguenee
of retrievals—Fhe-way-the—geodesic—is—ealeulatedtimits—the—problem—ofline connecting the (t;, z) pairs that

minimize the cost function defined by the weights. The connecting line is the geodesic and has the property to

strongly reduce the occurrence of unphysical jumps between different layers when boundaries disappear or
reappear—-this-work; due to real atmospheric dynamics. PathfinderTURB has-been-extended-from-the-original

pathfinder—to—use—the signalvarianee—in—uses VAR (S) in addition to the—aerosolgradients—Based-alse—on

attribution preeess—which-yieldsaphysicathy-problem in a more rebustdetection—Fhisphysical way identifying

regions characterized by large values of VAR(S) _and using it to retrieve the CBLH. The CBLH is

valueattributed to a layer’s boundary in (t;, z) when this point minimizes the cost function, i.e. minimizes the

term_COST = Q.4 X VAR(S)™. In this way, the influence of artificial and static aerosol gradients, present

in some models of ceilometers and due to an incorrect overlap correction, is largely reduced. The different steps
of the PathfinderTURB algorithm are illustrated in Figure 42, in four timeseriestime series (panels a, b, ¢ and d)
for the case of 15 July 2014 in PAY.

In panel-a)Figure 2a, the logarithm of the range-corrected signal is displayed. The cloud base height (CBH) is
directly provided by the ceilometer manufacturer’s software and displayed in grey throughout all the-panels. The
i v - AL) is the
combination of the altitudes determined by applying the signal, condition and the SNR cenditionscondition (sect.

TCAL is-(shown in green-th

4.1) plus the height of the first cloud layer. The signal condition and the height-of-thefirstcloud-tayerCBH play

a critical role in this example. tr-panel{a);The development of the CBL is restricted-limited in altitude by the
TCAL, but it can also be restricted—furthermoerelimited below the TCAL by additional-physicathymeaningful
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altitude-timitations—(the_other limits contributing to_limphys),—displayed-in—magenta—Fhese (sect. 4.2.2). The
limphys depend-en-climatelegyis the minimum height amongst the climatological, the TCAL, the CBH and the
heightthat of strong negative and positive gradients (which—indicateindicating mixing discontinuities). Strong

During the period 02:00-03:30 UTC, limphys (magenta) was determined by strong positive gradients ean-be
observed-in-panet{a)-at about 1500 m a.s.l—between-02.; during 20:00-24:00 UTC and 63:36-UFC:at about 1750
m a.s.l.by strong negative gradients-eceur-at-about-1750-m-a-s--between-20:00-ard-24:00-UFC.

In panel-b)Figure 2b, the variance-VAR(S) is displayed. Fhe-variance-VAR(S) is calculated using spectral

analysis, more precisely is the result of integrating the spectrum of band-pass filtered, one-hour-long S-
timeseriestime series at each altitude (as in Pal et al., 2013). The band-pass filter aims at removing mesoscale
and noisy fluctuations so that only fluctuations due to short-lived aerosol load variability are taken into account
(Supplement S2). The minimumlower altitude Hritationlimit (liminf) is calculated frem—therebased on the

VAR(S) _value, and displayed in magenta. rdeed,—the—entrainment—oceurringThe next region of enhanced

VAR(S) _above liminf corresponds to the EZ at the top of the CBL-prevents, the fact of preventing the retrieval

to_include the region [0- liminf] helps locating correctly the CBLH-to-be-located-belowthisfirstregion—of
enhaneed-variance.

In panele}—Figure 2c, the weights Q(t, Z)fare displayed. Using-the-Dijkstra’s-algorithm—PathfinderTURB

ealeulatesBased on equations (2), (3) the CBLH-as-the-mestcest-efficient—-path frem-sunrise-to-sunset{black
line),—-e—the—CBLH-path—tends—to—foHewfollows the deep-blue regions {ew—weights)corresponding to a
minimum in the%imeserie&ef—weigh%&Q(t, Z)_. The path can only follow the positive time direction and altitude

hieh-The CBLH is characterized by

a drop in the aerosol concentration (large negative VS) and high entrainment activity (and—thus—high

variability)-witl-mestlikely-have-atow-weightlarge VAR (S) ), which corresponds to minimum Q(t, Z)i

In panel-d);Figure 2d, a final overview is given, with the retrieved CBLH (black line) displayed on top of the

log10(S) timeseriestime series, together with the TCAL and the eleud-basesCBH.

ay 20140715
3000 ! .
2500 f3
v i
o,
E)()()() . §
@ - ‘L:a
3 1500 g
= 1000
500 ——— 45
00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
Time [UT]

13

[ Formatted: Font color: Auto

[ Formatted: Font color: Auto

[Formatted: Font: 12 pt




pay 20140715
frmaLiR

fil l 5.5

% “ a
©
S g
Q 5 =3
E g
=
! 4.5
02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
ay 20140715
3000 e

05
= 2500 g
w ©
© 04 5
£ 2000 g
= 03 £
2 1500 £
3 02 &
< 1000 o4 E

500
00:00

Alfitude [m a.s.l.]

02:00  04:00

06:00 08:00 10:00 12:00

Time [UT]

14:00

10:00 12:00 14.00

16:00

16:00

18:00

18:00

20:00

20.00

22:00

2200

00:00

00:00

atmospheric variance

05
0.4
03
0.2
0.1

00:00

IR0

500

Altitude [m a.s.l.]

500
00:00

L
L

[ TUTTN

02:00 04:00

02:00 04:00

pay 2014071
K

06:00 0Ce:00 10:00 12:00

Tima [UT]

14:00

06:00 08:00 10:00 12:00 14:00

16:00

16:00

18:00

18:00

20:00

20:00

3000

W

22:00

00:00

00:00

weighis

~
weights

14

[ Formatted: Font: 12 pt

[Formatted: Font: 12 pt

[Formatted: Font: 12 pt




- pay 20140715 -

keg1¥RCS)

500 - . . ‘
00:00 02:00 04,00 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 00:00
stipdse Time [UT] shmoes

Altitude [a.s.l.]

1200 14:00  16:0 18:00  20:01
Time [UT]

» o o
w w
log10(RCS)

Figure 1:-—TFimeseries2. Time series of the different processing steps of the PathfinderTURB algerithra-for 15 July
2014 inat PAY. Panel a) timeseriestime series of 1og10(S) with thesuperimposed TCAL, the-cleud-basesCBH

and the-superiorHmit-(limphys) for altitude. Panel b) Atmospheric-variance—cloud-basestime series of VAR(S)
with superimposed CBH, limphys, inferier—tmitliminf for altitude—(Hminf).. Panel ¢) Weights;time series of

Q(t,z) with superimposed TCAL, eloud—basesCBH and retrieved MEHCBLH (geodesic from sunrise to

sunset). Panel d) timeseriestime series of 1og10(S) with thesuperimposed TCAL, the eleud-basesCBH and the
retrieved MEHCBLH.
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5  PathfinderTURB validation at Payerne

Although, gradient-based algorithms are easy to implement for automatic operations, the layer attribution
remains the main Hmi } } }

retrievals. For methods based on aerosol gradients the visual identification of the correct gradient by human

expert still solves the attribution problem with the least uncertainty. Therefore, PathfinderTURB is validated
here against independent detections by human experts as well as against the bulk-Richardson method applied to
co-located radiosonde profiles. The aim of the validation is to create an as-accurate-as-possible reference without
selecting only golden-cases, but filtering out those cases when fog and precipitation prevent to define the CBL.
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5.1  Comparison with Human expert CBLH retrieval

A graphical user-interface has been developed for the human experts to detect the CBLH manually by clicking
on the time-height cross section of S. Auxiliary information are available from the interface about -V'S—(central
differences{S{r..t)=S{r i M2AR)the-temporal-variance VS | VAR(S) (over 10 minutes)—the); sunshine
duration, the-vertical heat flux at the surface;-the; trend of hourly-averaged surface temperatures AT;-the; hourly
stability index (as defined in Pal et al., 2013)-the); sunset/sunrise time;; estimations of the CBLH based on the
Parcel method (PM, Holzworth, 1964) and the bulk Richardson method (bR, Richardson, 1920) from continuous
remote sensing instrumental data (Microwave Radiometer, Wind Profiler, Raman LIDAR), and twice daily
radiosounding data (at noon and at midnight). The experts perform a manual detection of the entire daily cycle

with the support of all the ancillary data and information.

Four experts from the remote-sensing division of MeteoSwiss have processed the-everlap-corrected—neormatised
stgnal-S;one year of data frem(2014) of the PAY CHM15k-fer-Payerne-for-theyear2014. The guidelines and the

criteria of the manual CBLH detection are provided in the Supplement (S5).

5.1.1  Analysed dataset

We compared the detections by three experts (test group) against one expert that is-catled-theacted as reference.
For the year 2014, the analysed days were the 5, 10", 15" 20" 25" and 30" of each month and the whole
months of January, March, July and October:-the. The test group analysed the 5, 10", 15™, 20™ 25" and 30" of
each month. Once the missing data (due to instrument disruptions) and fog or precipitation days had been
removed from the dataset, the total number of days analysed was 174. Covering an entire year, the database
inspected by the test group and the reference is comprehensive in terms of diverse synoptic conditions, sunshine
duration, cloudiness;_and season;—ete. The eeHemeter-S-profiles were analysed by the experts-of-the-test group
separately and with no possibility to ateractwithinfluence each etherother’s choice. The detections made by the
reference—(“reference—data} and those made by the test group were compared at each time step so that a

matching procedure was established between a CBLH point in the reference, data-and the test group’s detections

for the same time step. Only the CBLH points that matehmatched in time were retained for the comparison. If
needed, the test group detections were linearly interpolated in order to match exactly the time vector of the

reference. When comparing the reference, data-with all the test group detections the two datasets showed an

excellent agreement, with a coefficient of determination eguat-toof 0.96 (total of 5097 points over 140 days) and
RMSE of 92 m. Nevertheless, some large difference (> 566m500 m) in the CBLH detections occurred in less
than 3 % of all cases. In general, discrepancies occurred when there was more than one layer that could be
reasonably followed as CBLH, for example when an advected aerosol layer entersentered the profile and getsgot

mixed inside the CBL or during the often ambiguous separation between the RL and the decaying CBL in the

afternoon after the convective peak.
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54.35.1.2 PathfinderTURB validation against the expert consensus

After applying the ratio quality check (sect. 34.2.6) to the PathfinderTURB retrievals, the total number of the
accepted retrievals covers 34720 minutes eut-of the 43914 minutes ef-obtained by the manual datadetections, i.e.
79% of the human expert consensus. r-other-werds; The ratio quality check of PathfinderTURB removes about
the 20% of #sthe retrievals because of weak gradients at the level of the retrieved CBLH. The validated
PathfinderTURB retrievals that-passed-the-guality-check-are spreaddistributed over the same number of days;
(i.e., 135)—Figure-3-shows,forPayerneand) during the year 2014;; the top panel of Figure 3 shows the density
scatter plot of the CBLH values obtained at PAY by the human-experts™detections-meeting-the-(consensus-and

20
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by-) manual detections versus PathfinderTURB-{top-panel),-and-the-. The boxplot plusalong with the histogram

{shown in the bottom panel}-of display the differences between the two data sets. A coefficient of determination

of 0.96, an RMSE of 76 m and an interquartile range of the differences of 96 m are obtained. The median and

mean differencedifferences are 27 m and 41 m, respectively. The overestimation is largest during the second half

of the afternoon (not explicitly shown here), when PathfinderTURB tends to follow the top of the residual layer
instead of the decaying CBL. Furthermore, the error is smaller than 500 m for 98.6% of the PathfinderTURB
retrievals, and 92% of the retrievals have a relative error (w-twith respect to the manuaty-determinedmanual

CBLH) smaller than 10%.
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Figure 3-tep-panel-shows-the-density. Density scatter plot of RathfinderFURBCBLHp hfinderturs VS. MartaiRPBL:
Fhe-boettomCBLH, . (top panel-shews—the-boxplet). Boxplot and histogram of the difference between the
PathfinderTURB and manualPBlL-manual datasets (bottom panel).

The comparison shows that PathfinderTURB is robust {re-tnphysicaljumps,-cloud-presence-taken-into-account)
andand that can address the attribution problem adequately. Although PathfinderTURB combines both gradient

and variance methods to improve the correctness of the retrieval in different atmospheric conditions, the
retrieval’s uncertainty grows larger during the afternoon due to the eenvective—decay_of convection before
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sunset, the weak turbulence and the lack of well-marked aerosol gradients. During this period, temperature or
vertical wind variability profiles may provide more valuable information than ceilometer dataprofiles.

5.2  Comparison with radiosonde-estimated CBLH

Next-theThe PathfinderTURB retrievals of the CBLH were compared to_the retrievals from two methods based
on the thermal structure of the atmosphere: the PM and the bR. The PM defines the upperbeundary—of-the
CBLCBLH as the height to which an air parcel with ambient surface temperature can rise adiabatically from the
ground, neglecting other factors (entrainment/detrainment, advection, subsidence, air humidity). It relies on
profiles of potential temperature (©) and therefore requires vertical profiles and surface values of temperature (T)
and pressure (p). In Payerne, © profiles are generated every 10 minutes by a microwave radiometer (MWR), and
at noon and midnight also by RS. The bulk Richardson number (Rip) is a dimensionless parameter that can be
seen as the ratio between the buoyancy and the wind-shear generated turbulence. The upperboundary-of-the
CBLCBLH is determined as the first height where Riy, exceeds the critical threshold of 0.33 (unstable conditions)
or of 0.22 (stable conditions). The required input values are the profiles of ® and the wind. The stability
conditions, essential for choosing the correct threshold value, are derived from the sign of the slope of the linear
fit of ® in the first 30 m. At Payerne, wind profiles are provided every 30 minutes by the wind profiler (WP),
and at noon and midnight also by RS. As-the-thresheld-value-istarger-thanzero-the-bR-method-retrieves-highe
CBEHvalues—than-thePM—We refer to Collaud Coen et al. (2014) for a more detailed description of the

operational CBLH retrievals at Payerne using the bR method.

PathfinderTURB is compared to the RS-based bR retrievalretrievals of the noon CBLH during the year 2014. In
order to increase the robustness of the bR retrievals, the comparison is performed only when both bR and PM
retrievals are available. Based on the calculations of Collaud Coen et al. (2014) the uncertainty of the retrieved
CBLH using both methods is on the order of +50 to £250 m for the midday peak of the CBLH. Within their
uncertainty intervals, the two methods can then be considered providing the same retrievals when the difference
between them is equal to or less than 250 m. For this reason only the retrievals beirgmatching closer than 250 m
and havingwith an uncertainty of less than 250 m have been retained for the comparison. That has resulted in a
total of 175 days being considered. Out-ofthe-3650f these 175 days eensidered-the-cetlometer-data-at-noon-were
not-available-only on 46115 days—Oftheremaining-349-days; PathfinderTURB has-been-able-tocould retrieve
thea valid CBLH-en 3 6).
and for simplicity, only the bR retrievals

. Thereafter

iti j will be used in the

comparison with PathfinderTURB (bR and PM pairs were always available for the considered 115 days) .

The median and mean difference between RS- and PathfinderTURB-retrieved CBLH wasvalues were 53 m and
41 m, respectively, indicating a slight overestimation of the bR method with respect to PathfinderTURB. From
the comparison we obtain a coefficient of determination of 0.85, a regression slope of 1.02 (Fig-Figure 4, top
panel), an RMSE of 162 m and an interquartile range of the difference of 174 m, henee-(larger than the spread

observed in the—comparison—with—the—human—expert—retrievals:-Figure 3). The difference—distribution of the
differences in Figure 4, bottom panel, has a Gaussian shape; with slight positive offset values-(Fig—4).. About

the 98% of the data have an error smaller than 500 m, and the 82% have an error smaller than the 10% (plus 100
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m) of the CBLH retrievalretrieved by bR. In general, the correlation between PathfinderTURB (ceilometer-
based) and the bR retrievals (RS-based) is not guite-as good as the one between PathfinderTURB and the
experts’manual retrievals (both ceilometer-based). \WWhen-comparingFor the two-methods—one-using-radiosonde
and-the-otherthecetlemeter-datacomparison shown in Figure 4, it should be remembered that the two methods
rely on different physical processes, i.e. thermal structure of the atmosphere (RS) versus actual state of mixing of

the aerosols (ceilometer). An—exampleA consequence of the different physical processes is the slight

overestimation of the bR betweenmethod during the period from the end of the-morning andltill the beginning of

the-afternoon, i.e. when buoyancy-produced turbulence reaches a maximum. This is because the bR indicates the
depth of the layer where conditions are favourable for vertical mixing, whereas the aerosol gradient depicts the
actual state of mixing. By visualinspeetion-efusing the MWR data to evaluate the entire daily cycle (not only 12

UTC)—dataset—of—comparisons_by RS) the comparison PathfinderTURB vs bR using—the—MWR—data—we
eoencludeshows that the bR-based CBLH rises generally faster than the aerosol gradient in the morning. The

decay of the bR-based CBLH occurs also generally faster than that of the aerosol gradient in the late afternoon,
resulting in bR retrievals lower than the PathfinderTURB CBLH retrievals-based-en-aerosolgradient. This is
explained by the fact that the aerosols remain suspended in the near-neutrally stratified air (transition from CBL
to RL) and that no detectable aerosol gradient forms at the top of the decaying CBL. The gradient remains thus at
about the same altitude as its midday maximum leading to a significant overestimation by PathfinderTURB. For
this reason, LIDAR and ceilometers using aerosols as tracers are not best suited to detect the CBL decay, but
rather the RL. Nevertheless, although at thetoeal-reonrl2:00 UTC the bR still diagresesprovides a slightly
higher CBLH, the time-when-thepeak—of convection-oceurs—is—a-suitable-time-interval-when-to-compare
thecomparison shown in Figure 4 proves a good agreement between bR withand PathfinderTURB.
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Figure 4:the-upper. all data shown refer to 12:00 UTC. Top panel-shews-the: scatter plot of RS(bR-12H}CBLH,r
vs. PathfinderFTURB-—TFhebettemCBLHp hfinderTurs. BOttom panel-shows—the: boxplot and histogram of the
difference between RS{the bR 12H}-and PathfinderT URB- _datasets,

6—Pathfinder FURBMeasurements of CBL, CAL and aerosol properties at the-Kleine-Secheidegg

616 Fransportof Blairmassesto-the-JFJ :

Updrafts and downdrafts (initiated and sustained by solar radiation received at the surface) isare the main
vertical transport mechanism of the CBL air above the Swiss Plateau (Collaud Coen et al., 2011). Air lifted from
a sunlit mountain slope is often warmer than the air at the same height over an adjacent valley even if the latter
was lifted from the valley floor. Hence, next to the development of up-slope (anabatic) winds, thermals
generated at a mountain slope may rise higher than those generated at the valley floor. When both the
topography and the meteorological conditions are favourable, up-slope winds maycan develop_and become
strong enough to break through the CBL’s capping inversion and inject CBL air into the FT immediately above
the local CBL (LCBL) resulting in the formation of an aerosol layer (AL) above the CBL (Henne at al., 2004).
This complex mountain circulation is characterized by dynamics occurring at different spatial scales (Figure 5).
The AL or injection layer is a near-neutral, partly-mixed layer that is more diluted than the LCBL being the
result of LCBL air mixed with FT air. The LCBL normally follows the topography (scale of a few kilometres),
especially in the morning, and is often topped by a temperature inversion that marks the transition with the above
AL. TheAt its upper boundary, the AL does not follow individual valley or ridges, but follows the large-scale
topography (few tens of kilometres) and again-rmaybe-cappedcan also be overlaid by a temperature inversion that
marksmarking the transition tewith the FT (Henne at al., 2004, de Wekker, 2002). In his work, de Wekker
(2002) concludes that in mountainous regions, the mixing layer height corresponds to the top of the AL rather

26

[Formatted: Font: 9 pt

[Formatted: Heading 1




1
2
3

~N o o1~

(o]

10
11
12
13
14
15
16
17
18
19
20
21
22
23

than the top of the LCBL and he renames it “mountain mixing layer”, because the AL depicts the height up to
which particles can be transported by the various venting processes. The combination of the LCBL and the AL
forms the CAL- (Figure 5).

Figure 5. Schematic view of the daytime atmospheric structure and vertical pollution transport in and above the
KSE site. The red line shows the CHM15k line of sight towards the Sphinx. The annotations denote the different

thermal transport and mixing mechanisms of boundary layer air.

At the JFJ, aerosols and gases have been sampledmeasured continuously since many years. Different sources and
transport regimes towards_the JFJ have been studied by many authors (e.g., Lugauer et al., 1998; Zellweger et al.
2003, Balzani L8dv et al. 2008, Henne et al. 2010, Collaud Coen et al., 2011; Collaud Coen et al., 2014;
Herrmann et al. 2015) and—+eveatedshowing that the JFJ resides mosthymost of the time in the undisturbed
(“clean”) lower FT—but-that—. Nevertheless and especially in summer, #the JFJ is influenced by thermally-
induced lifting-ofuplifted CBL air-and-in-general, it is also influenced by additional-vertical lifting processes
such as frontal passages and Fohn flows (Zellweger et al., 2003, Ketterer et al., 2014). Fhe-frequenthy-occurring
{~35-%-of the-time}As observed by Zellweger et al. (2003) the thermally-induced transport of CBL air towards

the JFJ ebserved-by-Zelwegeret-ak—-{2003)-occurs frequently during summer meritsa-closertook—tn-this-sense;

actual-CBL-and-toreach-the- JFJ.Based-on-al-these(~35 % of the time). The previous studies;-it-appears-in-fact
suggest that the direct contact of the-undiluted SBLLCBL air with the in-situ instruments at the JFJ occurs only

rarely and is limited to the-summer periedperiods (e.g., Ketterer et al., 2014).
1n-the—study—by, Lugauer et al., (1998)—the—authers) provide a 9-year climatological analysis of the vertical

transport of aerosols to the JFJ and the corresponding synoptic conditions. The thermally-induced transport is
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nearly absent in winter or under cyclonic conditions and it is strongest in summer under anticyclonic periods.
During favourable conditions, the aerosol concentration increases at the JFJ during the afternoon with a peak at
around 18:00 UT and the peak is stronger in northern synoptic wind than in southern because of the difference in
upwind topography. Collaud Coen et al. (2011) found as well that the JFJ is mainly influenced by free
tropospheric air masses in winter and largely influenced by the LCBL (also during the night) in summer during
subsidence periods.

In order to understand the impact of the thermally-driven dynamics on the in-situ measurements at the JFJ and-ia
the-attempt to quantify, by direct observations, the number of times that the LCBL and the CAL reach the JFJ
throughout the year, the data from the CHM15k have been analysed using PathfinderTURB during the period
August 2014 till November 2015.

6.2—Adaptation-of PathfinderTURB in-tited-configuration
A-has been adapted to use the CHM15k data along the slant-probing version-of-thedirection connecting KSE<«
with JFJ. The adapted PathfinderTURB algerithm-that-version does not use the atmespheric-variance VAR(S)

profiles, to calculate the weights (eqg. (23)), but solely to retrieve the first transition to the enhanced turbulence

PAN-PathfinderTURB-dees-netuse-the-signalvarianee-when

3 y v wW-SNR-3 aleula Varia - erclose ranges,
where the first transition to turbuleneethe turbulent region is usually te-be-found, the sigralS profile has a much
higher SNR and the-varianee- VAR (S) can be measured reliably. At KSE, the LCBL height (LCBLH) retrieved

by PathfinderTURB, corresponds to the first discontinuity in the vertical mixing of aerosols and can be estimated

also during nighttime.,

6:36.1 Retrieval of aerosol layers at KSE and JFJ

Installed-at KSE at 2069-m-a.s},The CHM15k detects the ceilometer can-exclusively detect the-aerosol-layers

aerosols that form in the surrounding lower-altitude valleys (e.g., 1034 m a.s.l. Grindelwald, 566 m a.s.l.
Interlaken) and that reach-higherthan-the-altitudeare transported above the KSE. Local generation of KSE-As-an
exeeption-aerosols occurs only sparingly due to the reduced vegetation and the long periods of snow and ice

cover. Nevertheless, when local seurces—of—aerosels—may—form—aaerosols production occurs, these can be

transported through the ceilometer’s field of view and eventually be transported up to the JFJ. The local aeresel

endentaerosols generation and the advection from

but-surrounding valleys lead to different scenarios:. During daytime, both TCAL and LCBLH can be detected

during-daytime-at-KSE, the LCBLH only during periods when eenveetiontift the LCBL air is lifted into the
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ceilometer’s field of view;-during by convection. During nighttime, when there is no convection, only the TCAL
can be detected (if it is present). Likewi i
observedThe nocturnal TCAL can fermstem from the residual layer efformed above the surrounding valleys—(at
least-partialy)—Because. PathfinderTURB is based on the same retrieval principle during day and night, +e-and
so it looks for the first discontinuity in the weH-mixeduninterrupted aerosol region;. For this reason and for

simplicity we will refer to the retrieved nighttimenocturnal boundary layer alse-as to-mixing-tayeror LCBL even
when the mixing is not due to convection, but rather to mechanical mixing from the surface and katabatic winds.

6:3:16.1.1 LCBLH retrieval

The seasonal-averaged daily cycles of the retrieved LCBLH and TCAL during spring, summer-aad, autumn and

winter are shown in Figure 6. Puring-winter—(December-2014,January-and-February-20 he-algerithm-ha

During spring (Fig-Figure 6a), summer (Fig-Figure 6b) and (partially) autumn (Fig-Figure 6c), the LCBLH

grows through morning till reaching a peak in the afternoon. In summer, the LCBLH has been retrieved by

PathfinderTURB every day with only few exceptions. In Spring, (March-May), and in summer (June-August)

the LCBL has reached the JFJ during 20 and 9 individual days, respectively. These occurrences lay above the 75

percentile of the LCBLH dataset and, hence, are not represented by the blue-shaded area in Figure 6a-b. From

the systematic visual inspection and comparison of LCBLH timeseriestime series at PAY and KSE, we can say
that the LCBLH peak occurs later at KSE than at the-PAY. During the night, the LCBLH deereasesdrops, due to
the concurrent effects of aerosol gravitational settling, subsidence and katabatic drairage—flewswinds, which
result from radiative cooling of the surface triggering katabatic drainage flows. A likely explanation of the delay
in the onset of the LCBL and of the afternoon peak at KSE is the-feHowing:that due to the nighttime katabatic
winds; driving FT air is-driven-down into the valley—Fhese-katabatic underneath. Depending on the season, these
winds atsecan continue to blow for ene-ermerefew hours—depending-on-the-seasen; after sunrise (especially

from the shaded mountain side) and work against the formation of the LCBL. The LCBLH temporal evolution

follows the classical shape of a growing convective boundary layer like over flat terrain, but the growth and the

duration of the LCBL occur over a shorter period. This is consistent with the delayed onset of the LCBL due to

the persisting katabatic winds in the first hours of the morning and the earlier weakening of convection due to the

shading effect of the surrounding mountains and the afternoon onset of the katabatic winds. This phenomenon is

particularly enhanced during winter when the solar irradiance is at its minimum and the katabatic winds tend to

suppress LCBL during most of the time.

Generaly;-theln autumn_(September-November), the LCBLH shows a less pronounced daily cycle than in spring

and summer, this is probably due to the fact that the vertical transport of aerosol-rich air is reduced by the
stabilization within the lower troposphere during this period (Lugauer et al., 1998). {n-summer-the- LCBLEH-has
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In winter, (December-February) PathfinderTURB could retrieve only few LCBLH because of the very stable

meteorological conditions, the reduced convection and the prolonged snow and ice cover limiting the aerosol

production at KSE and the surrounding valleys. For this reason the seasonal-averaged daily cycle in Figure 6d

does not show any particular pattern of the LCBLH, mainly due to the very low retrieval counts.

All occurrences of when the LCBLH and TCAL have reached the JFJ during the different months are listed in

6:3:26.1.2 TCAL retrieval

During spring and autumn, the daytime TCAL evolution is correlated with the LCBLH especially in spring
during the first hours after sunrise (convective growth) and until the afternoon peak. The nighttime evolution of
the TCAL in spring and autumn also shows a correlation-with-the =CBLH, although weaker, with the LCBLH.
In summer, the TCAL does not show any significant correlation with the temporal evolution of the LCBLH
neither-during-the-day-ner-during-the-nightduring day or night. During winter, the TCAL shows no correlation
with the LCBLH. Despite an overall absence of a daily pattern of the winter LCBLH, the TCAL shows a clear
outline during the period 00-10 UTC. This bimodal pattern with higher TCAL during the first part of the day
could be explained by the process of dissipation of the CAL caused by the wind shear along the line of sight

connecting KSE and JFJ when the solar irradiance modifies the wind dynamics during the central hours of the

day.
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Figure 6. Season-averaged daily cycle of the TCAL (red dots) and of the LCBLH (blue dots) at KSE. The size of
the dots corresponds to the number of measurements available in each temporal bin. Panel a) Sprirgspring
(March to May)—Panel); panel b) Summersummer (June to August}—Panel); panel ¢) Autemnautumn (September
to November)-); panel d) winter (January to February). Shaded areas show the 25%-75% inter-quartile range

(igr) for LCBL (purple) and TCAL (red). The altitude of JFJ is indicated by the black-dashed horizontal line.

6-3-36.1.3 Occurrence frequency of LCBL and CAL reaching JFJ

1n-Table 1 we-showshows, for each month during the studied period, the number of hours (cumulative 2-minute
data points over the month), the number of days (number of days with at least one data point), and the percentage
of time (time when the JFJ was inside LCBL or CAL as a percentage of the total time when the retrievals
existed). On the left-hand side of the table, we show the statistics corresponding to when the JFJ is reached by or
embedded into the LCBL, on the right-hand side we show the statistics corresponding to when the JFJ is either

into the LCBL or the CAL (LCBL + AL). Fhe statisticsreported-inTable-1-areshown-in-the Cirele charts-in

—The statistics

show that during winter (light grey rows in Table 1) the aerosol measurements at the JFJ are never medified
directly influenced by the LCBL air, which remains constantly below the JFJ. Moreover, the total duration of
time when the-PathfinderTURB has detected athe LCBL rising above KSE_(but not touching the JFJ) during

winter accounts for no more than 65.52 hours. On the other hand, the CAL reaches the JFJ about one fourth of
the time (21.23%)-corresponding%), which corresponds to a duration of 109.44 hours (distributed over 26 days).
The remaining three quarters of time (78.77%), corresponding to a duration of 406.32 hours, the JFJ is situated

in the FT, i.e. the in-situ measurements are characterized by background (molecular) conditions. Although it is
impossible to establish the exact origin of the air in the AL (i.e., the injection layer), we can speculate that winter

AL is composed of aerosols originating from long-range transport and synoptic-scale lifting, rather than LCBL

injections.

During summer (dark grey rows in Table 1) the situation changes significantly with the LCBL reaching the JFJ
during the 3.63% of time, corresponding to 34.56 hours (distributed over 20 days).

Table 1: statistics of frequency of LCBL and CAL reaching or embedding the JFJ.

JFJ inside LCBL JFJ inside CAL
Date Hours Days % Date Hours Days %
09/2014 4.87 2 1.94 09/2014 149.03 18 23.882
10/2014 8.00 4 5.81 10/2014 88.70 18 16.29
11/2014 1.67 3 4.20 11/2014 72.23 13 24.49
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12/2014 0.00 0 0.00 12/2014 43.30 9 26.67
01/2015 0.00 0 0.00 01/2015 33.53 10 21.76
02/2015 0.00 0 0.00 02/2015 32.70 7 16.41
03/2015 0.2 1 0.12 03/2015 45.77 13 10.24
04/2015 5.67 3 3.59 04/2015 80.73 15 14.82
05/2015 5.43 5 221 05/2015 114.07 17 22.83

09/2015 0.97 2 0.51 09/2015 56.30 12 11.50
10/2015 0.00 0 0.00 10/2015 19.87 6 5.53
11/2015 0.2 1 0.36 11/2015 4.10 2 1.42

Although the relatively low percentage may induce to think of a marginal effect, the striking parameter is that
during summer the undiluted, peHutedaerosol-laden air of the LCBL is able to reach the JFJ (and potentially
strongly affect the in-situ measurements of particles concentrations and of their optical properties) on 20
different days. With regard to the frequency and duration when the CAL has reached or embedded the JFJ, the
statistics are even more remarkable with the 40.92% of the time or 772.8 hours distributed over 71 days. Also for
the summer statistics, no quantitative conclusions can be drawn about the origin and type of the aerosols inside
the AL. The aerosols could be locally emitted and injected into the AL or transported fromover regional teor
continental seale-seureesscales and could have been formed secondarily in the AL (Bianchi et al., 2016). In any
case, the convective conditions occurring frequently during the summer hint-atsuggest a significant mixing of the
LCBL air into the FT forming the AL. Also the measurements by the in-situ instrumentations at the JFJ show
that the absorption coefficient (indirectly proportional to the black carbon concentration) is largest during the

summer period-(Fig-—8}-.
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As mentioned in the previous sections, these results are in agreement and confirm the indirect measurements and

model simulations efdone in the previous works, especially those by Zellweger et al. (2003), Collaud Coen et al.
(2011), Ketterer et al. (2014) and Herrmann et al. (2015). #a-factHere, and for the first time, the occurrence of the
fregueney—of-the—convective (LCBL) and injection (AL) layers reaching directly the in-situ measurements
instrumentation at the JFJ has been guantitativelycaleulated-thanksstatistically analysed based on one year of
data. The big advantage of applying PathfinderTURB to the ceilometer profiles is to have an automatic retrieval
of the twe-layersLCBLH and the TCAL directly at the JFJ. That allows to have real values of LCBLH or TCAL
at the JFJ and not;-tike-done to use detections made in the-past-by-extrapolated-measurements-of-the-beundary
layertaken-5-km-afaran atmosphere distant many kilometres from the JFJ-and-based-on-. Moreover, not co-
located measurements require stringent homogeneity conditions of the atmosphere_between the point where the
LCBLH and TCAL have been detected and the JFJ.
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6-46.2 Comparison with in-situ instrumentation

Figure 7 shows the relation per-seasenthat exists between the amplitude(max/min)-of-the-diurnal-cyeclesdaily
maximum of the LCBLH retrieved by the—PathfinderTURB and the corresponding (in _time) absorption

coefficient, o. at 637 nm measured by the MAAP at the JFJ. {a-the-graph; The vertical red dashed line shows the
altitude of the JFJ, each box collects all the marker-types-aceount-forLCBLH retrievals within 400-m of vertical
span and the faet-that-corresponding values of o. In each box the LECBL—reaches{empty—cirelesinumber of
LCBLH- o pairs is indicated by N and the JF3-er-net-(filed-cireles)
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Figure-8-Seatter-plot-of-median of each box is connected by the amplitude{max-min)}-of-black dashed line to

show the diurnal-eyeles-ofmedian trend. The data in the box-plot are from all seasons, in order to maximize the

number of occurrences and increase the statistical significance of the trend.

36

[Formatted: Font color: Black

[Formatted: Font color: Black




w N

© 00 N o 01 b~

10
11
12
13
14
15
16
17
18

3
£250

200
175
150
125
100
75
50
25

o (MAAP, 637nm) (Mm-1) at LCBLH

2251

1

l
267 points, 267 days, all seasons, 400-m width boxplot g
- @
T R
T = N =54 PP Lo
L[ N=15 —_— " - :
R e e
e I — — I | I
2000 2500 3000 3500 4000

LCBLH PathfinderTURB daily max (m a.s.l.)

Figure 7. Box-plot showing the relation between the absorption coefficient at 637 nm measured by the MAAP at

the JFJ vs the LCBLH retrieved by PathfinderTURB for the period September 2014 to November 2015.
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Figure-9-Seatter-A linear median trend characterised by a small slope could be fitted to the LCBLH-a pairs for
LCBLH lower than the JFJ (2000-3380 m). For these range of altitudes the LCBL grows deeper getting closer to
the height of the JFJ. The injections of LCBL air into the AL (embedding the JFJ) are then more likely to occur

when the LCBLH reaches its maximum injecting LCBL air past the in-situ sensors with a resulting higher value

of a. As soon as the LCBLH reaches the JFJ, the injections into the AL reaching the in-situ instrumentation

become more important and this is shown by the change in slope of the median trend. When the LCBLH maxima

are higher than the JFJ, the in-situ instrumentation are reached by undiluted, aerosol-laden LCBL air and the

absorption coefficient o grows even more. In addition to the slope of the median trend, it is important to explain

the interquartile variability of each box and their physical meaning. The first box centred at about 2000 m shows

a large interquartile range of o values, this is due to Saharan dust events occurring mainly during Autumn and

winter above the LCBLH and increasing significantly the value of a. The box centred at the JFJ height also

shows a large interquartile range of o values, in this case the variability is due to the large o values

corresponding to the LCBLH higher than the JFJ and the smaller a values corresponding to the LCBLH lower

than the JFJ. In conclusion, Figure 7 shows clearly the impact of the LCBL air on the absorption coefficient o

measured at the JFJ.
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Figure 8. Box-plot efshowing the relation between the absorption coefficient at 637 nm+«
measured by the MAAP at the JFJ duringvs the LCBLH retrieved by PathfinderTURB for the period September

2014 to NOVember 2015. wo—independen inrea egressions—were o—tRe—Gata—AWnAEeRN a WaS—OEeH+OW

Fhe-In the same way as in Figure 7 for the LCBLH, Figure 8 shows the relation between the FGALa and the
absorption-coefficient-at-637-Am; TCAL. Differently from Figure 7, not only the maxima of o and TCAL are
shown in Figure-9-has-been-studied-in—a-shightly-different-way-thanfor-the LEBLH-casebox-plot, but all the
hourly data from all seasons. The TCAL represents the upper boundary of the AL-er-efthe- LCBL{when-the-AL
is-notpresent);, when the TCAL is below the JFJ (FGAL<JFJ) the in-situ instrumentation on the JFJ is located
inside the FT showing very little absorption-and-a—neghigible-daty—eyele-of-the-absorption—When-the FCAL
reaches-er-embeds-the JFHTCAL>JFJ)-the-abserption-grows-. Within the range of altitudes 2000-3380 m, the

slope of the median trend is smaller than the one in Figure 7, this is because even when the TCAL grows deeper

towards the JFJ, the strength of the injections coming from beneath the AL is insufficient to influence

significantly the absorption measurements. As for the LCBL, also for the TCAL when it reaches the JFJ the a

values become larger and the slope changes accordingly. Because the aerosols injected into the AL do not

undergo a convective mixing, they tend to settle under the gravity force leading to higher aerosol concentration

at the bottom than at the top of the AL. Also for this reason the absorption grows larger accordingly to a higher

TCALInstead-of-the-dathy-eyele-of-the-abserption-caefficient—Figure-9-showsthe-heurhy-values-of-absorptio

itiens: (3380-4580 m) and the slope of the trend

remain almost constant showing the linearity of the physical process. For higher altitudes (z > 4580 m) a

continues to grow, but at a lower rate and with a decreasing number of occurrences. Also for the TCAL- a
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relation the interquartile range of the box centred at the height of the JFJ is larger than the other boxes showing

larger values of o for TCAL > JFJ and smaller o for TCAL < JFJ.

In order to summarizing the results shown in Figures 7 and 8, we provide in Figure 9 the overall impact of the

LCBL, CAL and FT on the in-situ measurements of a. Each box collects all data from all seasons corresponding

to the background atmosphere (FT), the partially mixed air (CAL) and the undiluted, aerosol-laden air (LCBL)

with respect to the position of the JFJ. This box-plot represents perfectly the impact of the three atmospheric

regions and confirms the importance of an automatic monitoring of the atmosphere at the JFJ and in general in

the mountainous regions where the dynamics are complex due to topography and wind circulation.

= 250 Abs. coeff. vs atmosheric layer (all seasons)
£ 2251 I
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Figure 9. Box-plot of o and FT, CAL, LCBL pairs. Each portion collects all pairs over the corresponding

atmospheric region for all seasons.

7  Conclusions

A novel algorithm, PathfinderTURB, has been developed, validated and applied to the—real-time—retrieval

ofretrieve the vertical structure of the planetary boundary layer.-Hs-main-advantages—can-be-summarized-as—it
follews: PathfinderTURB provides reliable estimates of the daytime convective boundary layer height (CBLH)

and of the Top of the Continuous Aerosol Layer (TCAL)—Fhe—retrieval-ofthetwotayers—is—performed)

operationally and without need of ancillary data or any a priori information (except for climatological limits)

from a model. PathfinderTURB can also be adapted to different probing line’s angles and types of instrument.
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Fhe-algerithmPathfinder TURB has been applied to one year of data measured by two CHM15k ceilometers
operated at the Aerological Observatory of Payerne, on the Swiss Plateau, and at the Kleine Scheidegg, in the
Swiss Alps. The algorithm has been first-thoroughly evaluated and validated at the-Payerne-station—At-Payerne;
the. The CBLH retrievals obtained by PathfinderTURB have been compared withagainst two references, (i) the
manual detections by human experts that-acted-as—reference—for-the-CBLHvalues—and-withand (ii) the noon
CBLH values retrieved by two methods based on the—thermal-structure—of-the—atmosphere—and—using—the
radiosounding data: the parcel method and the bulk Richardson method. Ihe—eempansen—agamst—the—heman

Based on the excellent agreement with the two reference—methods—thereferences, PathfinderTURB has been
applied to the complex-terrain-site-at-the-ceilometer’s backscatter profiles between the Kleine Scheidegg and the
Jungfraujoch (JFJ) for the period September 2014-November 2015. Fhere-The real-time monitoring of the local
CBL (LCBL) isretri i i

providing real-time-and-continuous LCBLH-and-and the TCAL data along the line-of sight of the CHM15k. This
at the JFJ has allowed to separatequantify the eentributionroccurrence of these two layers and to understand their

impact on the absorption coefficient, o, measured in-situ at JFJ.

Fhe-season-averaged—daty—eyele—shows_The results have shown that the CAL reaches or includes the JFJ
forduring the 40.92% of the tetal-time in summer and for-the 21.23% of the-tetal-time-in winter for a total of 97

days during the two seasons.

Fhe-season-averaged-datly-eyeles-show-that theThe LCBL reaches or includes the JFJ for short periods (3.94%
of the tetal—tlme) on 20 days in summer and never durmg winter. The s&a&mﬂes—suggest—that—alse mpact of the

as-theseand CAL on the in-situ measurements referpurely-to-thedirectcontact-of undilutedof o at the JFJ is

unambiguously shown in Figures 7 and 8 for different ranges of altitudes. The relation of the LCBLH- o and

TCAL- a pairs is linear, but with different slopes for altitudes below and above the JFJ, with a clear modification
of a due to the injections of the LCBL air W—D&m@%umme%eamplﬁud&eﬂh&daﬂyeyel&eﬂhe

into the

aerosol layer (AL) reaching the in-situ instrumentation at the JFJ-and-startsteveting-when-the ECBLH-exceeds
the JFJ-

As. In a more general eenclusionwe-can-state-that-the-way, the overall impact of the LCBL, CAL and FT on the

in-situ measurements of a is shown in figure 9. As expected the LCBL modifies more the in-situ measurements
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at the JFJ in terms of absolute value of o, but it is outnumbered by a factor of 10 in terms of occurrences by the
CAL. The CAL s in fact more diluted than the LCBL but embeds the JFJ 10 times more frequently than the
LCBL and then its impact on the in-situ measurements is significant. The rest of the time the JFJ is within the FT

with values of absorption characteristic of a molecular atmosphere.

The results obtained at the-KSE siteand JFJ, are in agreement and confirm the indirect measurements and model

simulations of previous works, especially those by Zellweger et al. (2003), Collaud Coen et al. (2011), Ketterer

et al. (2014) and Herrmann et al. (2015). +n—fact-for-the—first-time-the-impact-of-the-convective{(LLCBL)-and

niection—(A ers-on-the-in U-measurements—a has-been—guantitative wlated-fo ompleteve

thanks-to-the-automatic-retrieval-of-the-two-layers-directhy-at the JFJ-Differently from the previous, our study has

provided for the first time the possibility to calculate the occurrences of the convective (LCBL) and injection

(AL) layers directly at the JFJ. The added value is the real-time application of PathfinderTURB to the ceilometer
profiles connecting KSE to the JFJ and the possibility to have automatic LCBLH and the TCAL values at the

JFJ. Indeed, before our study, LIDARs, ceilometers and wind profilers have always been used for vertical

probing at a fixed distance (5-15 km) from the JFJ, which required stringent assumptions about the homogeneity

of the atmosphere between the measurement site and the JFJ. The results presented have proven the importance

of an automatic monitoring of the atmosphere at the JFJ and in general in the mountainous regions where the

dynamics are complex due to topography and wind circulation.

In perspective, based on the adaptability of PathfinderTURB to diverse topographic conditions and on the fact

that it does not require real-time ancillary data, PathfinderTURB is best suited to treat a large dataset from

networks of ceilometers in real time.
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List of Acronyms

Acronym Description
Boundary Layer
Continuous Aerosol Layer
Convective Boundary Layer
Entrainment Zone
Jungfraujoch
Local Convective Boundary Layer
Light Detection And Ranging
physically meaningful altitude limit

Mixed Layer

PathfinderTURB Pathfinder method based on turbulence

Parcel Method

Residual Layer

Signal-to-Noise Ratio
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