Review on “Vertical profiling of aerosol hygroscopic properties in the planetary boundary
layer during the PEGASOS campaigns”

We would like to thank the referees for their detailed and constructive comments, which helped us to
improve our manuscript. Our answers to the comments are given below in blue letters, while the
referee comments are given in black italics. Additionally, we added the changes we made in the revised
manuscript in blue bold letters.

Reply to Referee #1:

Overview: Hygroscopic trends are presented from measurements within the evolving boundary layer in
the Po Valley, Italy, and in the fully mixed layer in the Netherlands during the PEGASOS 2012 campaigns.
Results from the Po Valley conform to expectation — that newly evolving boundary layer aerosol
comprises hygroscopic aerosol with a large nitrate fraction contributed by nighttime HNO3 chemistry
and cool temperatures. Nitrate fraction decreases as temperatures increase (volatilization) and
photochemistry takes place (presumably adding SOA), resulting in suppressed hygroscopicity. It is
noteworthy that the hygroscopicity of aerosol in the fully mixed layer is similar to that in the aged
residual layer. The hygroscopic fraction of aerosol sampled in the Netherlands was high, though no
composition data are presented to offer an explanation. In general, the data presented here are limited
(one sampling day for each location), but the text contains excessive detail and should be edited for
length. Correlations between hygroscopicity and composition are sparingly presented, and should be
expanded. Nonetheless, the detailed probing of an evolving mixed layer (for the Po Valley site) is a
unique dataset and worthy of publication. | recommend that the presentation of AMS data be
integrated with hygroscopicity results, and that AMS data be more fully utilized in explaining
hygroscopicity trends from the Po Valley, while decreasing the detail of the hygroscopic results sections.
The paper is recommended for publication after revisions and additions.

We rewrote and restructured sections 4 and 2.3 to make the discussion clearer and more compact (see
answers below for more details) as well as the abstract and the conclusion. In particular, we put more
emphasis on connecting hygroscopicity and chemical composition data, whenever the latter are
available (see section 4). We also decided to exclude data from the Monte Cimone mountain site in
Italy and shortened the discussion on possible contributors to the non-hygroscopic mode.

General recommendations:

1) Overall the paper would benefit from significant compression. As written, the text contains
excessive detail and is much longer than necessary. Data from the Netherlands seem somewhat
out of place, and the absence of AMS data limits their value. The authors might consider
focusing solely on presenting the Po Valley flight in detail, as there is enough presented there
to stand on its own — especially once the authors expand the discussion of aerosol composition
and utilize more AMS data to explain hygroscopicity trends.

As mentioned above, we shortened the paper. However, we kept the data from the Netherlands in the
paper to show the contrast to the results from Italy. Even though we do not have airborne AMS data
available for this flight, the AMS ground measurements are presented and are valuable to complement
the WHOPS results.

2) The connections made between composition and hygroscopicity are rather limited. Presumably
you have a wealth of data available from the HR-AMS, including things like the organic
oxidation state. What is the average O:C ratio for organics in the residual layer, compared with



the new mixed layer, for example? The paper would benefit a great deal from expanding the
connections between hygroscopicity and composition. On a related note, hygroscopicity results
(e.g. 4.1.1, 4.1.2, 4.1.3) are unnecessarily and awkwardly divorced from composition results
(e.g. AMS, MAAP, etc). The paper would benefit greatly from co-presentation of hygroscopicity
and composition data so that the reader can more naturally make connections between the
two, without waiting until the “closure” section.

We added O:C ratio values for the three different layers and the corresponding organic k values
obtained by applying the parametrization from Duplissy et al. (2011). These organic k values differ only
slightly from the overall mean value of 0.11 that we had previously used. Nevertheless, we adapted all
results using the actual O:C ratio measured in a certain layer as input for the k and closure calculations.

Revised text: Page 9459; lines: 6-10:

The k values for the organics were inferred from the measured O:C ratio using the relationship
between O:C and k value reported in Duplissy et al. (2011) for organics in atmospheric aerosols in
three different environments.

Added text: Page: 9469; line: 8:

The O:C ratio inferred from the HR-ToF-AMS measurement (using the method presented by Aiken et
al., 2007) was found to differ slightly between the three layers with values of 0.45 + 0.03, 0.55 + 0.03
and 0.50 * 0.05 for the newly forming ML, the RL and the fully developed ML, respectively. The
corresponding k values were estimated to be 0.09, 0.14 and 0.12 in the newly forming ML, the RL
and the fully developed ML, respectively (see Sect. 3 for more details on the method to estimate the
K value). The mean O:C ratio of the organics measured at the SPC ground site was 0.60 £ 0.03, which
translates to a kappa value of 0.17.

Revised text: Page: 9473; lines: 24-25:

The O:C ratio of the organic matter measured by the AMS was 0.48 + 0.02. The corresponding k value
of the organic matter is estimated to be 0.11 (Sect. 3). The measured composition of PM1 (Fig. 12)
as a whole translates to an average k value of 0.28 (Eq. 5). This agrees within uncertainty with the
WHOPS-derived k value of 0.25 in the lowermost flight level at 100 m AGL (see Table 3).

3) The Zeppelin was only operated on one day with low wind speeds, low cloud coverage, and
clear skies. | would expect this combination of conditions to be most ideal for formation of an
aged residual layer, and that this enhanced residual layer would have a disproportionate
impact on the fully mixed layer by midday. It should be mentioned that these results are
therefore not generally applicable to the Po Valley and Netherlands, but instead likely represent
a maximum impact of residual layer on mixed layer aerosol.

Indeed, the presented flight days show only one possible scenario for summertime conditions in the
Po Valley or the Netherlands. When looking at the Po Valley for example, the measurement day - 20
June 2012, was certainly hotter (27.5 °C) than the average for this period of the year (22.1 + 3.1 °C for
June in San Pietro Capofiume, reference period: 1961 - 2005). However, the climate is changing rapidly
in this region of the world, with a positive trend in temperatures of 0.60°C per decade in summertime.



Therefore, the measurements during PEGASOS cannot be considered representative for the late XX
century climatology of the Po Valley, but can be more representative of what the climate is becoming.
[source of the climatological data: ARPA Emilia-Romagna]. Such conditions favour strong vertical
mixing and the residual layers’ entrainment.

The representability of the results for the flight above Cabauw in the Netherlands is discussed in Sect.
4.2.4, where the results are compared against existing literature data.

4) Hygroscopicity results (e.g. 4.1.1, 4.1.2, 4.1.3) are quite long and excessively detailed. Stick to
the main points, let the figures do the talking, and try to condense these sections substantially.

We shortened these sections for the revised manuscript.

5) Does the WHOPS instrument adjust refractive index once particles have been humidified?
Uptake of water (RI=1.33) lowers overall Rl, meaning comparatively less light scattering for the
same size particle. This would lead to systematic underestimation of GF, and introduce
discrepancies between HTDMA and WHOPS. It would be worth doing a sensitivity study to see
how much an error of 0.2 in Rl would impact your GF and kappa calculations — just to put
HTDMA/WHOPS discrepancies into perspective.

Revised text: Page: 9454; line: 23:

The index of refraction of the grown particles gradually approaches the index of refraction of pure
water (mu20=1.333) with increasing hygroscopic growth factor. This effect is accounted for in our
data analysis approach as detailed in Rosati et al. (2015).

6) Specific comments/questions:
Throughout: “Data” is plural. “Datum” is singular. Use “data are” instead of “data is”.
Throughout - especially in Abstract: report data with + standard deviation.

Grammatical errors were corrected. Standard deviations have been added in the abstract and main
text where appropriate.

7) p. 9460 line 26: With significant industrial sources in the Po Valley, I'd expect to see plumes of
fresh, non-hygroscopic aerosol like this.

In Section 4.1.2 we argue that the non-hygroscopic particles are unlikely to originate from combustion
sources. The true nature of these particles — dust, tar balls or biological particles —remains speculative.

Revised text: Page 9460; line: 26:

An exception is the measurement taken at around 12:45 LT and 100 m AGL, when the mean k was
considerably lower due to a strongly increased fraction of non-hygroscopic particles (see Fig. 6) likely
originating from a local source.

8) p. 9461 line 9: replace “spread” with “variability”
We changed this in the revised manuscript.

9) p. 9462 line 14-16: | disagree with this conclusion. The significant changes in hygroscopicity at
lower altitudes are likely primarily caused by the change in nitrate mixing state. Nitrate fraction
is enhanced at low temperatures in shallow boundary layers in the morning, owing to nighttime
HNO3 chemistry. Nitrate fraction drops significantly during the day due to volatilization of
ammonium nitrate — the result of both increased temperatures and dilution with the deepened



mixed layer. While an enhancement in externally-mixed hygroscopic growth might indicate
strong local influence, a general decrease in hygroscopicity doesn’t necessarily.

We agree with this conclusion and changed the text as follows:

Revised text: Page: 9462; line: 14-16:

This can be explained by the differing chemical composition of the particles in these layers, with a
very strong nitrate fraction in the new ML which decreases in the fully developed ML.

Revised text: Page: 9468; line: 15-20:

During IHP1/2 a clear difference between the mass fractions in the new ML with a high nitrate
fraction of 20-22% (Fig. 8a and c) and the RL with a nitrate contribution of only 5% (Fig. 8e) were
observed. This increased nitrate fraction in the new ML can be explained by the accumulation of
nitrate species overnight at low temperatures, which are formed in the nocturnal surface layer and
are then entrained into the new ML after sunrise. The nitrate drop in the fully developed ML is due
to volatilization of nitrate species as a result of both, increased temperature and dilution.

10) p. 9463 line 26-29: BC in heavily anthropogenically-influenced areas is almost entirely coated
with secondary material. For example, results from the SP2 and ATOFMS in the Los Angeles
Basin indicated that the vast majority of rBC was coated — even at short photochemical ages
(<1h). See Metcalf et al., 2012 and Hersey et al., 2013 (JGR-Atmospheres). So it’s highly
conceivable that you may have observed coated BC particles here. Nothing to really change
here, but | think you’re on the right track in considering coated BC.

We added the proposed citations to the revised manuscript.

11) p. 9464 line 15 to 9465 line 5: My concern with investing in a long discussion of mineral dust
and biological material is that you have no composition data to back it up. Unless you can
support these possibilities with very strong presentation of HYSPLIT back-trajectories that
suggest dust influence or something like seasonal pollen count data to support biological
material, any suggestion that they contribute to the non-hygroscopic fraction is tenuous (and
certainly doesn’t belong in the abstract - p. 9447 line 23).

We shortened this discussion and clarified that these are only possible contributors. We also deleted
the sentence from the abstract.

12) One other strong possibility is that hydrophobic SOA coatings may inhibit hygroscopic growth
within the WHOPS instrument, resulting in an overestimation of the non-hygroscopic fraction
and overall underestimation in apparent GF and kappa. I’'m guessing that the humidification
time constant in the instrument is on the order of a few seconds, while equilibrium with water
vapor for coated particles can take minutes or hours. See Shiraiwa et al., 2011 (Proceedings of
the National Academy of Sciences 108 (27), 11003-11008) and Koop et al., 2011 (Physical
Chemistry Chemical Physics 13 (43), 19238-19255) for more discussion.

The residence time of the particles in the humidification system of the WHOPS is approximately 20 s
(details on the humidification system are presented in Rosati et al., 2015a). The study by Sjogren et al.
(2007) shows that 10-20s are sufficient to reach a stable hygroscopic growth factor for most
investigated examples, while >40 s were needed for some extreme systems. Therefore, we think that
20 s should be sufficient for most aerosol particles to reach their equilibrium growth factor including
complete deliquescence.



Revised text: Page: 9454; line: 3:

Alternatively, the size-selected dry particles are humidified before being directed to the WELAS to
measure the wet optical response (residence time at the high RH ~ 20 s).

13) p. 9466 line 6-8: This might support the dust option. | see that the characteristic humidification
time in the HTDMA is longer than in the WHOPS (line17-29). It may be that particles are
exposed to elevated RH for longer in the HTDMA, causing some of those coated, diffusion-
limited particles to come closer into equilibrium with water vapor in the HTDMA than in the
WHOPS. It’s worth checking. These diffusion inhibition issues are always something that should
be considered with SOA and aged, coated particles, and in your case might counteract some of
the ammonium nitrate volatilization issues.

There has been a misunderstanding in this paragraph. What we meant is that the humidification time
in the WHOPS is longer than in the HTDMA, however, the time in the dry section of the WHOPS is
shorter compared to the HTDMA. Therefore, losses of ammonium nitrate in the WHOPS should be
smaller as particles have less time to evaporate.

We changed the text in the revised manuscript as follows:
Revised text: Page: 9466; line: 17-24:

Gysel et al. (2007) provided strong evidence for ammonium nitrate artifacts in the dry part of the
HTDMA measurement, which resulted in underestimated hygroscopic GFs. The HTDMA employed in
SPC featured smaller residence times in the range between 10-15s, which should minimize nitrate
evaporation losses, however, they can still not be fully excluded. GF measurements done with the
WHOPS are most likely less susceptible to ammonium nitrate evaporation, as the residence time in
the dry part of the instrument is shorter due to higher flow rates.

14) p. 9466 line 28-29: possibly, but | think the physical arguments from humidification and
ammonium nitrate volatilization are bigger issues here.

We included additional supporting arguments for the other hypothesis.

Revised text: Page: 9466; line: 26-28:

Another possible reason could be that the particles at the ground (measured in the surface layer)
and at 100 m AGL were not exactly the same due to e.g. direct influences by local emissions. This
hypothesis is also supported by measurements of the particles’ optical properties on this flight day,
presented in Rosati et al. (2015b). A comparison of the scattering and extinction coefficients
between the airborne and ground based measurements, shown in Fig. 4 and 8 in the stated paper,
respectively, also illustrate differences between the two altitudes, which are independent on the
hygroscopicity measurements and associated artifacts.

Rosati, B., Herrmann, E., Bucci, S., Fierli, F., Cairo, F., Gysel, M., Tillmann, R., GroR, J., Gobbi, G. P., Di
Liberto, L., Di Donfrancesco, G., Wiedensohler, A., Weingartner, E., Virtanen, A., Mentel, T. F., and
Baltensperger, U.: Comparison of vertical aerosol extinction coefficients from in-situ and LIDAR
measurements, Atmos. Chem. Phys. Discuss., 15, 18609-18651, doi:10.5194/acpd-15-18609-2015,
2015b.

15) p. 9472 line 6: double negative; change “neither/nor” to “either/or”



We changed this in the revised manuscript.

16) p. 9473 lines 7-8: or water-uptake-inhibited, coated particles

We consider it unlikely that hygroscopic growth is fully inhibited on a 20 s time-scale (see comment
above).



Reply to Referee #2:

General comments:

The manuscript presents a case study of aerosol properties in the atmospheric boundary layer
measured from an airborne platform in two places for one day in each location. Suite of instruments
on-board of the airship allowed measurement of hygroscopicity and chemical composition including
estimate of equivalent black carbon mass concentration. The flights were performed in the vicinity of
ground sites equipped to provide similar measurements. The authors discuss measured hygroscopic
properties of 500 nm aerosols, results of composition-hygroscopicity closure studies as well as
intercomparison with ground sites. It should be noted that experimental data on hygroscopic properties
of ambient aerosols are scarce, especially for the larger (few hundred nanometres) aerosols in the
atmospheric boundary layer. Undoubtedly, the results of this work could be published in ACP, however
only after the manuscript has undergone appropriate revision.

The manuscript needs to be re-arranged to separate description of the instrumentation and methods
from the results and conclusions; it seems to be burdened with trivial statements and unsupported
speculations, which should be avoided. Technical aspects of the current work may be presented in the
Supplement to keep the main manuscript concise and focused. The authors are advised to secure help
from a professional editor to improve readability of the manuscript.

We rewrote and restructured sections 4 and 2.3 to make the discussion clearer and more compact (see
answers below for more details) as well as the abstract and the conclusion. We also decided to exclude
data from the Monte Cimone mountain site in Italy and shortened the discussion on possible
contributors to the non-hygroscopic mode. The detailed changes are presented below.

Specific comments:
1) Please use generally accepted abbreviation for altitude in meters above ground: ma. g. l. orm
AGL.

We changed all occurrences of m a. g. to m AGL.

2) PP 9447-9448, Abstract: The abstract needs major revision to better reflect actual work
done and substantiated conclusions reached; currently a reader gets an impression of
much broader experimental data basis for the claimed conclusions. Also, it would be
advisable to be more scrupulous in descriptions, for example “flown just after sunrise”
looks like an exaggeration for the flight started 3 hours after sunrise.

We adapted the abstract to be more precise.

3) P 9448, L 17: References to entire IPCC reports are not practical; please site the
specific reference(s) in the IPCC 2013.

As we refer to chapter 7 (Clouds and Aerosols) in the IPCC 2013 we changed the reference to: Boucher,
0., D. Randall, P. Artaxo, C. Bretherton, G. Feingold, P. Forster, V.-M. Kerminen, Y. Kondo, H. Liao, U.
Lohmann, P. Rasch, S.K. Satheesh, S. Sherwood, B. Stevens and X.Y. Zhang, 2013: Clouds and Aerosols.
In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth
Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K.
Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

4) P 9450, L 12-14: There is at least one instrument for size resolved hygroscopicity
measurements that was built and deployed earlier than DASH-SP, see: Hegg, D. A,



Covert, D. S., Jonsson, H., and Covert, P. A., 2007: An instrument for measuring sizeresolved
hygroscopicity at both sub- and super-micron sizes, Aerosol Sci. Technol.,
41, 873-883.

Revised text: Page: 9450; line: 12-14:

The first instrument built for this special task is the aerosol hydration spectrometer (AHS; Hegg et
al., 2007). The setup comprises two optical instruments, one to get a dry optical and the other one
a humidified optical response. However, the measurement is performed for a polydisperse size
distribution rather than investigating the hygroscopic properties of aerosol particles with one
specific diameter. The differential aerosol sizing and hygroscopicity spectrometer probe (DASH-SP;
Sorooshian et al., 2008) on the other hand, is constructed using a combination ...

5) P 9452, L 5-13: Please describe state variables measurement (temperature, humidity, wind
speed, etc.) that has been made on board of the airship; including type of sensors,
time response, averaging, etc.

We propose to present details on instrumentation together with mean values of the potential
temperature and relative humidity, as requested in comment 19, in the supplementary material

(please see response to comment 19 for more details).

6) Please provide a short description of inlets for the WHOPS, AMS, and aethalometer.
Are they isokinetic? Any estimates of transmission efficiency?

We included a short description of the inlets for each instrument.

Revised text: Page: 9455-9456; line: 28; 1:

The particles were sampled through a 1500 mm long tube (4 mm ID), ending about 200 mm below
the bottom hatch of the Zeppelin. A constant pressure inlet, consisting of an orifice that is pumped
with variable flow and installed between the aerosol inlet and the AMS, was used to regulate the
downstream pressure to 800 hPa independent of upstream pressure. This ensured constant
sampling conditions for the AMS. Within the AMS, the particles pass a critical orifice and an
aerodynamic lens, which focuses particles of sizes between 100 and 700 nm into a narrow beam.

Revised text: Page: 9453; line: 24:

Briefly, particles are collected through an isokinetic inlet developed for an average flight velocity of
50 kmh™! before they reach the WHOPS. Then they are dried...

Revised text: Page: 9457; line: 1:

The aerosol was collected through the same isokinetic inlet and sampling line as for the WHOPS.

7) P 9453, L 4-7 and 17-18: Please elaborate how the mixing layer depth was retrieved
from the ceilometer data. Automated algorithms to retrieve atmospheric boundary layer
height from ground based remote sensing measurements (lidar, sodar, ceilometer,
radar wind profiler, etc.) are notoriously unreliable. Since the mixing layer depth is
one of the key parameters in interpretation of the results, its retrieval procedure should
be presented. Is there any radiosonde data from SPC meteo station or Hague Airport
available for flight days? Radiosonde derived mixing layer depth could provide useful
“hints” for interpretation of ceilometer data.



Radiosonde data is available for the two measurement days, however, during the time of the flight
only one launch was performed and consequently, only one data point is available from these
measurements. Therefore, we decided to use the continuous measurements from remote sensing
instruments. Additionally, we added a new figure to the supplement, illustrating height profiles of the
potential temperature (0©) as measured on board the Zeppelin (see answer to comment 18 below).

Added text: Page: 9453; line: 6:

Retrieval of the estimated mixing layer height is performed by operating on a graphical interface
presenting the maximum gradient points in the signal daily plot. In this way, the operator solves the
ambiguities related to multiple relative maxima often present in the ceilometer signal (e.g., Angelini
et al., 2009). The typical imprecision due to the operator’s choice amounts to 3 pixels, i.e. +45 m.

8) PP 9453-9455, Section 2.3.1: The description of how the WHOPS works is not complete; please
describe “wet” part. Also see comments to PP 9461-9465 and PP 9465 L 24-26.

Revised text: Page: 9453-9454; lines: 21-25; 1-7:

On the Zeppelin the WHOPS was used to determine hygroscopic GF. All instrument specifications, as
well as associated calibration and data analysis procedures, are presented in detail in Rosati et al.
(2015). Briefly, particles are collected through an isokinetic inlet developed for an average flight
velocity of 50 kmh™! before they reach the WHOPS. They are then dried (RH<10%) and size selected
in a differential mobility analyzer (DMA). In a next step, the dry particles are guided directly to a
WELAS 2300 optical particle spectrometer (WELAS; Palas GmbH, Karlsruhe, Germany) to measure
the dry optical response. Alternatively, the size-selected dry particles are humidified before being
directed to the WELAS to measure the wet optical response (residence time at the high RH ~20 s).
Multiply charged particles appear as a distinctly separated mode in the optical size distribution
measured by the WELAS and are discarded from the further data analysis. Hygroscopicity
measurements are typically performed at RH=95%, where the uncertainty in the humidity
measurement is estimated to be +2%. Since the RH to which particles were exposed to varied only
between ~94-96% during both flight days, no further RH corrections were applied to the results.

9) P 9453, L 24-25: What is “dry” RH? Was it controlled/measured in any way?

The dry conditions were always characterized by RH<10%. This RH was continuously monitored
throughout all measurements. The revised section 2.3.1 includes now these details (see also response
above to comment 8).

10) P 9454, L 3-8: Please provide short description of measuring protocol (timing, averaging, size
change and wet/dry sequences, etc.) for the WHOPS operation.

Added text: Page: 9454; line: 8:

Particles with a dry mobility diameter of 300 nm or 500 nm were alternately probed during 250 s per
size, whereof 150 s were used for the wet-mode and 100 s for the dry-mode. The results were
averaged for each flight segment (probed layer) at a constant flight altitude. This ensured that each
GF-PDF shown in Figs. 5, 7, 12 and 15 is based on more than 90 detected particles.



11) P 9454, L 16-19: Any DMA has a well-known artefact of “double sized, double charged”
particles — any corrections for this artefact implemented in the WHOPS procedure?

Added text: Page: 9454:

Multiply charged particles appear as a distinctly separated mode in the optical size distribution
measured by the WELAS and are discarded from the further data analysis.

12) P 9454, L 21-25: For absorbing aerosols the real part of the refraction index found via
the presented technique is biased low; so, strictly speaking, this retrieved parameter is
not the real part of refraction index.

Indeed, the effective index of refraction that we retrieve is not just the real part of the index of
refraction but also dependent on the absorbing properties of the analysed particles. Therefore, we use
the term “effective” and propose to clarify the definition as follows:

The term “effective index of refraction” has been clarified:

The qualifier “effective” is used because the true index of refraction is slightly different due to
simplifications such as assuming an imaginary part of zero, spherical particles and a homogenously
internally mixed aerosol (see Rosati et al., 2015, for more details).

13) P 9454, L 26 - PP 9455, L 11: This paragraph belongs to the Results and Discussion
section. Figure 2 does not show “the temporal variability”. Please try to correct the
“effective” index of refraction for absorbing nature of the aerosols in both locations when
comparing to other measurements of the refractive index.

Figure 2 illustrates the temporal variability of the effective index of refraction shown as the distribution
of the values found throughout the campaign. We moved Fig. 2 to the supplement. The results for the
effective index of refraction are now only briefly mentioned in the main text as they are for the most
part only of technical interest for the data analysis approach. The comparison of the observed effective
index of refraction to literature data has been deleted as it does not exactly reflect the true real part
of the index of refraction. With that it becomes obsolete to correct the effective index of refraction for
the absorbing nature of the aerosol, which would have required plenty of assumptions too.

14) P9455, L 12-23: Please provide short description of measuring protocol (timing, averaging)
used on ground site HTDMA's.

Revised text: Page: 9455; lines: 12-14:

The SPC site was equipped with a hygroscopicity tandem differential mobility analyzer (HTDMA; see
e.g. Swietlicki et al., 2008) in order to determine the hygroscopic properties of particles with 4
different dry diameters between 35 and 200 nm. Each scan to record a GF-PDF at a fixed dry size
lasted 500 s in total, thus providing a time resolution of 1.8 measurements per hour for each dry
size.

15) P 9456, L 28 - PP 9457, L 6: Please provide short description of measuring protocol
(timing, averaging) for AE42 aethalometer.

Added text: Page: 9457; line: 1:

eBC concentrations were logged with a time resolution of 2 min and averaged for the time needed
to probe a certain layer.



16) P 9458, L 8: Looks like unfinished sentence?

Revised text: Page: 9458; line: 8-10:

For a composition-hygroscopicity closure, the k values derived from the GF measurements (WHOPS)
are compared to those derived from the chemical composition measurements (AMS and
aethalometer).

17) P 9459, L 18-19: Please provide a short description of the flight pattern (linear, box,
spiral or ramp ascend/descend, etc.) and a distance from the ground site during measurements,
if in excess of a few kilometres.

Revised text: Page: 9459; line: 17-18:

The vertical flight pattern performed on the 20 June 2012 is shown in Fig. 3 and was obtained by
flying spirals at selected constant heights and straight ascends and descends. During this day vertical
profiles were measured within 5 kilometres horizontal distance from the SPC site ...

18) P 9459, L 23-25: Figure 3 shows time trace of Th and RH, rather than vertical profile.
It might be beneficial to present vertical profiles of Th and RH measured on descent
(minimal influence of the airship body?) to help the readers get another (independent)
pattern of the mixing layer depth evolution (see also comment P 9453, L 4-7 and 17-
18).

Revised text: Page: 9459; line: 24-25:

Figure 3 depicts the temporal evolution of potential temperature (0) and RH observed during the
flight at different altitudes. The shaded area denotes the estimated mixing layer height provided by
Ceilometer-Lidar data.

We propose to include the following figure illustrating height profiles of the potential temperature (©)
to the supplementary material.
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Supplement:

Height profiles of the potential temperature (©) during the flight on 20 June 2012 in the Po Valley
are presented for all height profiles IHP1-6 using only data from the Zeppelin descents. These data
provide an independent measure of the mixing layer height, showing that only during IHP1 and 2 a
clear layering of the PBL is visible with a mixing layer height of approximately 300 m AGL.

19) PP 9460 - 9461: Section 4.1.1 needs to be revised. It is not clear why IHP3 has been
excluded from discussion — it seems to be in line with general pattern of growing ML.
It might be beneficial to present values for all flight legs separately in Table 2; please
include also averaging time, mean RH and Th (or T) for each leg. It would be interesting
to see GF (corrected to 95%) measured at the ground site for each leg as well.

We revised the explanation on why IHP3 and IHP4 were excluded from most figures and discussion
(see revised text). Averaged values of potential temperature and RH for each probed layer at a constant
level are included in a new table in the supplement. The SPC-GFs corrected to RH=95% for each profile
are now included in the revised Table 2, as presented below (response to comment 20).

Revised text: Page: 9460; line: 23-25:

After ~11:00 LT a second set of profiles was performed. To study particles in the fully developed ML
the results from IHP5/6 (~12:30-14:00 LT) are considered, while IHP3 and IHP4 are excluded as the
ML had not reached its maximum height and could, therefore, be influenced by the RL or the
entrainment zone between the layers.

Supplement Table 1:

Altitude Layer Zeppelin Zeppelin
o[C] RH [%]
IHP1/2 100 m New ML 26.0 (+0.6) 60.1(+2.0)
700 m RL 33.0(#0.9) 39.4 (#3.1)
IHP5/6 100 m Fully developed ML 33.4(+0.6) 31.5(+3.1)
700 m Fully developed ML 33.6 (+0.5) 36.5(+4.2)

Mean potential temperature (@) and relative humidity (RH) during IHP1/2 and IHP5/6 with
respective standard deviations representing the temporal variability. Results are presented for two
different altitudes, 100 m and 700 m AGL. Measurements of the temperature (Pt100-Sensor;
OMEGA; 15s time respond), RH (HMP45-Sensor; Vaisala; 15s time respond), height above ground,
wind-speed and direction (all three retrieved by measurement of the pressure using sensors #239
and #270; Setra) were continuously recorded on board the airship. All of these measurements were
logged with a 100 Hz frequency and finally averaged over 10 data points.

20) The “upper” leg of IHP4 seems to be “odd” in sense that airship altitude was not kept
constant, at the same time the airship was in the vicinity of the ML top; it is quite
possible that part of the leg was within the ML or the entrainment layer. For this reason,
IHP4 should not be classified/averaged as flown in “fully developed ML” here and in
subsequent sections of the manuscript.

After a thorough analysis, we decided not to include IHP4 for the calculations of the fully developed
ML as indeed it cannot be clearly classified as part of this layer. Consequently, we adapted Fig. 5,7, 8
and 9 and all instances in the manuscript were the fully developed ML is defined. Also, the mean values



of the GF and « in the fully developed ML were recalculated including only IHP5 and 6. However, we

want to note here, that the differences are minimal.

Adapted Table 2:

Altitude Zeppelin- Zeppelin- Zeppelin-
WHOPS WHOPS AMS + Aethalometer
GF(95%) KwHops Kchem
Size 500 nm 500 nm PM1
100 m New ML 1.88(+0.19) | 0.34(+0.12) 0.26 (+0.06)
IHP1/2 700 m RL 1.61(+0.16) | 0.19(+0.07) 0.22 (+0.05)
100 m Fully developed ML 1.49 (#0.15) | 0.14 (+0.06) 0.19 (+0.04)
IHP5/6 700 m Fully developed ML 1.63(+0.16) | 0.20(+0.08) 0.20 (+0.04)
SPC- SPC- SPC-
HTDMA HTDMA AMS + MAAP
GF(95%)* Kutoma® Kchem
Size 200 nm 200 nm PM1
IHP1/2 New ML 1.61(+0.22) | 0.19(+0.04) 0.31 (+0.08)
IHP5/6 Fully developed ML 1.60(+0.21) | 0.18(+0.04) 0.21 (+0.06)

*HTDMA uncertainty calculated assuming 2% accuracy in the RH measurement.

21) The hypothesis of an aerosol layer with special properties at 100 m AGL in presumably
convective boundary layer around 12:45 seems to be far-fetched; it should be corroborated by
measurements, if any available, like significant change in total aerosol
concentration, scattering, extinction, etc.

We do not have any other data supporting our hypothesis and, therefore, we decided to delete the
sentence on page 9460-9461, lines 26-27 and 1.

22) PP 9461 - 9465: Section 4.1.2 needs to be revised. Description of how aerosol
mixing state could be inferred from the WHOPS measurements should be moved to
Section 2.3.1. It is not clear what “kind” of PDF is shown in Fig. 5: total sum/area of
a PDF should come to 1.0 (or 100%), neither seems to be the case with all presented
GF-PDFs. Non-hygroscopic mode that is present in all and every GF-PDFs measured
by the WHOPS is really surprising; it looks rather like an artefact of the instrument.
Ambiguity of relationship between the “wet” scattering cross section and GF is a major
limitation of the WHOPS (as it is discussed in WHOPS introductory paper, Rosati et
al, 2015). It is assumed, that the WHOPS is operated within certain “safe” limits of dry
sizes, effective refractive indices, and growth factors where “sigma”-GF relationship is
unambiguous. The problem is that these “safe” limits were found under approximation
of non-absorbing aerosol; for absorbing aerosol these “safe” limits should be different,
possibly not including the whole range of effective refraction indices observed in the
current work. Detailed study of this problem is obviously beyond the scope of the
current work, but it should be discussed in Section 2.3.1.

The description of the mixing state retrieval has been moved from Section 4.1.2 to the experimental
Section 2.3.1.

Normalization of the GF-PDFs: the GF-PDFs do actually have unit area. Subtle deviations from unity
may occur due du inaccurate graphical reproduction.




The non-hygroscopic mode is indeed surprising. However, we are confident that the non-hygroscopic
mode is not an artefact. Already for the technical paper (Rosati et al., 2015a) we assessed but discarded
various potential problems. Several arguments are:

e The non-hygroscopic particles never appeared when e.g. measuring laboratory generated
ammonium sulfate aerosols. Therefore, it is not a problem of the optical sizing of non-absorbing
particles.

e The optical sizing is a single particle measurement. Thus the optical sizing of the non-absorbing
particles will not be affected by the presence of absorbing particles.

e Light-absorbing particles, which would also have a different index of refraction than that applied
in the data analysis are a potential problem. Candidates are e.g. black carbon containing particles.
We performed a sensitivity analyses to estimate at which GF such BC containing particles would
show up in the WHOPS (also considering bias between mobility diameter and volume equivalent
diameter for fractal-like particles). We came to the conclusion that most BC-containing particles
would not show up exactly at GF=1, except for a minor fraction with exactly matching
“compactness” and coating thickness.

e The optical properties and shape of light-absorbing particles do vary from particle to particle and
with time and in space. Therefor it is not expected that such BC-containing particles, or some other
issue with inappropriate assumption for the optical calculations, would always produce an artefact
non-hygroscopic mode that always appears at the same GF. However, the non-hygroscopic mode
observed in this study consistently appears at GFs very close to unity.

23) P 9464 L 29 - PP 9465 L 2: “Influence of Saharan dust intrusion . . . can be expected
for the day of the Zeppelin flight” — so what is exactly HYSPLIT show? This is the only
ground for a rather far-reaching conclusion of dust presence and its effect on aerosol
hygroscopicity.

Revised text: Page: 9464; line: 29:

The HYSPLIT model for Saharan Dust Intrusions (specific analysis by “Spain HYSPLIT”;
http://www.ciecem.uhu.es/hysplit/; not presented here) predicted Saharan dust all the way down
to the lowest atmospheric layer (100 m AGL) near the SPC site. However, we do not have additional
data to support these calculations.

24) P 9465 L 19-21: Direct comparison of the airborne measurements with MTC ground
site seems to be not very relevant here due to (a) horizontal separation of 100 km
(over 5 hours’ travel time with 5 m/s winds), (b) “MTC is situated at a much higher
elevation than the Zeppelin NT was flying”, and (c) ground site measurements are
always affected by local ground layer/sources (e. g. see current manuscript P 9660 L
26-28).

We agree with this statement and removed the part describing any MTC data from the revised
manuscript and Figs. 1, 7 and 9 as well as Table 2.
25) P 9465 L 24-26: This limitation of the WHOPS should be described earlier, in Section

2.3.1 and reflected in the abstract.

This limitation was on purpose mentioned along with the results rather than buried in Sect. 2.3.1
because it is relevant for correct interpretation of Fig. 7. We did not move it in the revised manuscript.



Due to this limitation we did not include any results from the 300 nm particles in the abstract.
Accordingly, we consider it unnecessary to add a statement about this limitation in the abstract.

26) P 9467, L 4-6: Please elaborate how “differences . . . are influenced by data inversion
algorithms”.

This was in a paragraph about data from the MTC site and has been removed from the manuscript. (An
extensive discussion about the potential and limitations of HTDMA inversion algorithms is given in
Gysel et al., 2009).

Gysel, M., McFiggans, G. B., and Coe, H.: Inversion of tandem differential mobility analyser (TDMA)
measurements. J. Aerosol Sci., 40, 134-151, doi:10.1016/j.jaerosci.2008.07.013, 2009

27) P 9471, L 17-21: It might be beneficial to present vertical profiles of Th and RH; see
comment to P 9459, L 23-25. Trace for Th in Figure 10 looks like the time series
was smoothed or filtered, if so, please explain why, and, if possible, present un-filtered
version.

In contrast to the flights in Italy, the conditions in the Netherlands did not vary substantially throughout
the day and therefore we propose to omit profiles of ©.

We revised Figure 10 (see below) using un-filtered data. Small adjustments had to be done for rapid

altitude changes but instead of smoothing the whole-data set the few instances were corrected and
the rest of the data is presented as measured on board the Zeppelin.
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28) P 9471, L 21-24: see also comment to P 9453, L 4-6 and 17-18.

Added text: Page: 9453; line: 18:

The retrieval of the mixing layer height from the LD40 ceilometer backscatter profiles is based on a
wavelet algorithm (Hay et al., 2007). The algorithm determines the height of the maximum in the
gradient in the backscatter profile. The difference in backscatter in a small range below and above
the retrieved height is used as an estimator for the quality of the retrieved height. Retrieved mixing
heights with the highest quality index have comparable accuracy to radiosonde retrieved heights
and have an estimated accuracy on the order of 50 m.

29) P 9472, L 22-24: “GF-PDFs between a GF of 0.9 up to 3.2 are visible . . .” — please
change wording in this and subsequent phrases.

Revised text: Page: 9472; line: 22-24:

The GF-PDFs range between values of 0.9 until 3.2, which can be attributed to the presence of
particles with very different hygroscopic behaviour.

30) PP 9475-9477, Conclusion: the Conclusion needs to be revised in a similar manner as
the Abstract (see comment to PP 9447-9448).

We revised the conclusion.



Reply to Referee #3:

This manuscript describes interesting and unique results from measurements of aerosol hygroscopicity,
supplemented by particle composition measurements of non-refractory and black carbon components.
The measurements were made from an airship, which allowed careful evaluation of particle properties
with respect to the dynamically changing planetary boundary layer. The data are really unique and of
broad interest. There are no other measurements that enable both the spatial and temporal variation
of aerosol hygroscopic properties in a growing PBL to be explored at these resolutions. The manuscript
is unnecessarily difficult to follow, however, and needs revision for brevity and clarity. In particular, it
needs to focus on specific elements of the data—the variation in hygroscopicity with evolving particle
composition as a function of PBL development—and ignore speculative side-topics such as dust
contributions. The manuscript now reads like "these are all the interesting things that we saw", rather
than "this is an interesting and important phenomenon that we found in two locations and quantified".
These data are really fascinating, and much very good analysis has been done. But the manuscript is
unnecessarily disorganized, and needs focus and restructuring to be more concise and precise, and to
focus on a few key conclusions rather than trying to explain every detail of the data. Some suggestions,
which are not comprehensive, follow.

We rewrote and restructured sections 4 and 2.3 to make the discussion clearer and more compact (see
answers below for more details) as well as the abstract and the conclusion. We also decided to exclude
data from the Monte Cimone mountain site in Italy and shortened the discussion on possible
contributors to the non-hygroscopic mode.

Comments:

1) The manuscript is peppered with imprecise language. For example, on p. 9454, line 15, the OPC
technique allows for "mostly unambiguous" attribution of particle diameter to scattering cross-
section. Does this mean the method is "somewhat ambiguous"? Can this ambiguity be
quantified?

A detailed description on the possible ambiguities can be found in Rosati et al. (2015).

Added text: Page: 9454; line: 16:

Residual uncertainties with regard to the Mie oscillations amount to less than 7% in the GF (for more
details see Rosati et al., 2015).

2) What are the uncertainties in the hygroscopicity method? Can a numeric value be placed on
them? For example, what are the uncertainties associated with interpolating diameters from
the look-up table? In situations involving Mie theory, it is not possible to propagate
uncertainties from first principles. In these cases, it is appropriate to use a Monte Carlo
simulation with a range of input values to determine how the various uncertainties in these
parameters propagate through to the final value. | suggest this method be applied,
summarized in the main text, and detailed in the supporting material. Use calculated
uncertainties for every number in every table and on every graph. Without uncertainties data
are meaningless.

In the technical paper about the WHOPS (Rosati et al. 2015) all relevant uncertainties influencing the
WHOPS data analysis are presented, and a final uncertainty for the GF is stated.



Added text: Section 2.3.1:

As described in Rosati et al. (2015) the GF uncertainty for dry particle diameters of 500 nm is
approximately +10% below GF=3.

3) The acronym "WHOPS" is unfortunate. In the U.S., this is a pejorative term for the descendants
of Italian immigrants. While it might be too late to change the acronym from an earlier
publication, the authors should be aware of this and minimize its use in the U.S.

We were unaware of the similarity to the term “wop” (singular) or “wops” (plural) that you refer to.
While we regret this coincidence, we introduced the term already for the technical paper (Rosati et al.
2015) and, therefore, it will be hard to change it now. However, we thank the reviewer for mentioning
this fact.

4) More language imprecision (p. 9457 line 10): the AMS "roughly measures particles smaller than
1 um". Use the actual transmission efficiency of the inlet, and say, "the AMS detects particles

with diameters < 0.7 um vacuum aerodynamic diameter" or whatever the number is.

Revised text: Page: 9457; line: 10-13:

As the AMS has a transmission of close to one for particles with aerodynamic diameters between 50
nm and 600 nm, and most of eBC is assumed to be present in the size range below 1 um, we refer to
the chemical composition as of PM; (particulate mass with an aerodynamic diameter smaller than 1
pm) in the following.

5) P. 9458, line 20, "pairing", not "paring".

We corrected this mistake in the revised manuscript.

6) P. 9461, lines 9-10, "less spread" relative to what? What "discrepancy" is being discussed? It’s
very hard to follow the logic of this paragraph.

Revised text: Page: 9461; line: 9-10:

In the fully developed ML, hygroscopicity results show less variability with no clear pattern between
the altitudes. The values amount to Kwhors=0.14+0.06 and Kchem=0.19+0.04 at 100 m AGL and
Kwhrors=0.20£0.08 and Kchem=0.20+0.04 at 700 m AGL.

7) In section 4, the results are described with extreme detail. Can one example be shown from
each measurement area (the Netherlands and the Po Valley), and then the remaining data
compiled into different types of plots? | would find vertical profiles of the parameters, with
different lines showing the evolution of the profiles, to be more informative than the time plots
for which I have to estimate altitude from the altitude plot, then go to the parameter of interest
and try to get a value. Since the evolution of the particle hygroscopicity with vertical growth of
the PBL is of most interest, it would make sense to use altitude as the independent parameter
for the plots.

Section 4 has been revised for the new manuscript focusing on the main interesting points. Figure 4
contains both, the hygroscopicity results and the altitude (as dashed black line) in order to facilitate
the attribution of the measured results to a certain layer and therefore altitude. Presenting the WHOPS
data by using the altitude as the independent parameter does not seem the best solution for us as the
resolution of the instrument is rather low.



Height Above Ground [m]

In the figure below we present a possible plot illustrating the hygroscopicity results as height profiles,
but we are of the opinion that Fig. 4 from the ACPD paper shows a better representation of the data
and we propose not to change the plot.
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8) p. 9465, line 4. Mineral dust is brought in as an explanation for large, non-hygroscopic particles.
This needs more support. Are there ground or LIDAR measurements showing a dust
contribution? In the next paragraph, biological material is discussed. This is all speculation.
These paragraphs could be condensed to read, "the non-hygroscopic fraction of 500 nm
particles may be attributable to dust, plant materials, or other components commonly found
extending into the accumulation mode from the coarse mode." The digression to speculative
discussion detracts from the main points of the paper.

We shortened the discussion on possible contributors to the non-hygroscopic mode as, like you
mentioned, these are only assumptions.

9) p. 9465, lines 24-25. Here we learn that growth factors < 1.5 for particles with diameters <300
nm are not detected "reliably". Why is this not detailed in the instrument description, and why
are "unreliable" data being shown and discussed?

The full measurement of the 300 nm particles is, as you mention, not reliable. However, this refers
only to the fraction GF<1.5. The measurements above this limit are reliable and are therefore shown
in Fig. 7 and discussed. In this way, we can provide another size-dependent information of the
hygroscopic fraction (GF>1.5).



Revised text: Page: 9465; line: 24-25:

Note that the WHOPS cannot reliably detect particles with GF<1.5 and Dg,=300 nm, as described in
Rosati et al. (2015). Thus, only the reliable number fraction describing GF>1.5 for this diameter is
presented in Fig. 7.

10) p. 9469, lines 25-28. More speculation without conclusion.

We bring up two hypotheses for the discrepancy between the HTDMA observation and other results.
One is from the literature; one is our own. Unfortunately, we cannot prove or discard one or the other.

11) Section 4.2. This section does not contribute much to the story of the evolution of particle
hygroscopicity with the growing PBL. The conditions are quite different from the Po Valley, and
no firm conclusions are drawn from the measurements. It might be wise to exclude these
observations from the manuscript and focus on the more comprehensive and interesting Po
Valley analysis, from a region with much larger air quality problems and radiative forcing
implications.

We kept the results from the Netherlands as only few data on the hygroscopicity of atmospheric
particles in the 500 nm size range are available. Furthermore, while we could not probe both the
developing mixing layer and the residual layer, we could still show the homogeneity of the aerosol
properties within the developing PBL. However, we shortened this section substantially for the revised
manuscript.

12) There are many typographic errors and a revised manuscript would benefit from thorough
editing by a native English speaker.

We did a thorough revision for the new manuscript.
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Abstract

Airberne-meastrements-

Vertical profiles of the aerosol hygroscopic-and-optical-propertiesparticles hygroscopic
properties, their mixing state as well as chemical composition were periormed-in-the
Netherlandsand-nerthernltaly—on-beard—of-a—measured above northern Italy and the
Netherlands. An aerosol mass spectrometer (AMS; for chemical composition) and a
white-light humidified optical particle spectrometer (WHOPS; for hygroscopic growth) were
deployed on a Zeppelin NT airship during-the- PEGASOSHield-campaighs—in2012—TFhe
vertical-changes-in-aerosot-properties during-within the PEGASOS project. This allowed to
Whe development of the mmag%aye&were%&teﬁe%@mseemc—gmwﬂﬂaetefs

HWMWWWWMMMWH
layer (PBL), providing a unique in-situ data set for airborne aerosol particles properties in

the first kilometre of the atmosphere. Profiles measured during the morning hours on June
20" 2012 in the Po Valley, Italy—Buring-the-early-morning-hours-the-towesttayer{newly
developing-mixing-ayer)-contained-a-high-nitrate-fraction{(20, showed an increased nitrate
fraction at ~100 )-which-was-m above ground level (AGL) coupled with enhanced hygro-
scopic growth %Hh&%yeﬁb&ﬁ&eﬁﬁ%ayeﬁ%mmmeﬂeﬁ%%cw
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aerosol composition and direct measurements of the hygroscopicity, yielding hygroscopicit
arameters () of 0.34 £0.12 and 0.19 £ 0.07 for 500 nm particlesin-therange-GF, at ~100
and ~700\L1—1——&H€|~G|%—1—5m AGL, respectlvely Geﬁ%ﬁbu%efs—te#mﬂeﬂ-hygreseep’re

difference is attrlbuted to the structure of the PBL at this tlme of da WhICh featured
several independent sub-layers with different types of aerosols. Later in the day the vertical

structures disappeared due to the mixing of the layers and similar aerosol particle properties
were found at all probed altitudes (mean k ~ 0.18 £ 0.07). The aerosol properties observed

at the lowest flight level (100 m AGL) were consistent with parallel measurements at a
round site, both in the morning and afternoon. Overall, the aerosol particles were found
to be externally mixed, with a prevailing hygroscopic fraction. The flights near Cabauw in

the Netherlands in the fully
measurements—

m%mmwwﬁ%ﬁwwmmw
Wmmompared to the results from

W y ~Hin ltaly. The mean x
W%WHMMWWQW
0.28 £0.10, thus considerably higher than the-value-measured-in— values measured in

Italy in the fully mixed tayer-in-tatyPBL.
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1 Introduction

Aerosol particles ean-directly have an impact on climate by absorbing or scattering the solar
radiation. The optical properties depend on the particles’ size as well as their chemical
composition and both can be altered at elevated relative humidities (RH) if the particles are
hygroscopic (Boucher et al. IPCC| 2013).

Most particles are emitted or formed in the planetary boundary layer (PBL), which
deseribes-the lowermost layer of the troposphere. The PBL is subject to many-changes de-
pending on the strength of the |nC|dent solar radiation (seeStuH 4988FGFFHGF&PH¥6FFFI%}H6H

by solar radiation mduces convectlve turbulence and therefore a well-mixed PBL builds up
after midday ranging up to an altitude of approximately 2 km. During night when the sur-
face cools down, several sub-layers are present in the PBL where the upper most part is
defined as the residual layer (RL). The RL contains a mixture of emissions and background
aerosol from the day before and is decoupled from the surface. Close to the ground a stable
nocturnal layer (NL) develops where local and/or regional emissions ear-accumulate. Once
the sun rises a new mixing layer (ML) is formed which is separated from the other layers
through a temperature inversion. Throughout the day this ML evolves until it reaches up to
the free troposphere and extends across the whole PBL. The dynamics of the sub-layers
in the PBL and its effect on the properties of the aerosol particles in these layers are still
poorly understood.

Airborne studies were previously performed to investigate the aerosol chemical compo-
sition as a function of altitude utilizing an aerosol mass spectrometer {AMS),-and show-
ing that chemical composition varies with height (Morgan et al., 2009, 2010a, bo; Pratt and

Prather, 2010). This-variation-shouleHnfiuenee the-particles hygroseopic-growthAccordingly,
5
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aerosol hygroscopicity, which depends on chemical composition and can also be inferred
from it, is also expected to be height dependent. Morgan et al. (2010a) conducted flights
over north-western Europe, eencentrating-howeverfocusing on changes between 0 and
10 km -a—g-—above ground level (AGL). In general aircraft campaigns commonly stretch

over large herizontal-and-vertical-ranges;-areas and altitudes, often above the PBL, there-
fore prowdlng onIy I|m|ted |nformat|on on the PBL itself. On the other hand, ground-based

v y y esextensive data sets
MWM&Q&A%W
from ground-based studies. However, surface measurements are not always representative
for aerosol properties at elevated altitudes. in-addition;-hygroscopicproperties-of-particles
are-studied-n-reaction-chambers-under-controlled-conditions{e-g-Puplissy-etak,201+1-or
Tritseheretal {2041

One way to explore the hygroscopic properties of aerosols is to measure the so called
hygroscopic growth factor (GF) defined as the ratio of the particle diameter Dygrat a certain
relative humidity (RH; Dyet) divided by its dry diameter (Dygry):

GF(RH) = Dary

(1)
The most common instrument for ground-based hygroscopicity measurements of atmo-
spheric aerosol particles is the hygroscopicity tandem differential mobility analyzer (HT-
DMA; see e.g. Liu et al., (1978, or [McMurry and Stolzenburg, (1989, for details). It explores
partictes—particle growth in the sub-saturated RH range and was employed successfully
in several greune-based-campaigns—{areview-is—presented-in—ground-based campaigns
(compare the review by Swietlicki et al., 2008). This method investigates GFs at high preci-
sion but needs several minutes for a full measurement cycle which makes it rather unsuited
for airborne measurements. Besides, its detection range is limited to a maximal dry mobility
diameter of approximately 250 nm.

HTDMA and chemical composition hygroscopicity closures were performed at various
sites including urban (see e.g. [Kamilli et al., [2014) but-alse-and rural regions (see e.g. Wu

6
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To our knowledge, only few campaigns report airborne hygroscopicity results due to
the lack of avaitabte—instruments—suitee—suitable instruments for this kind of measure-
ments. The first instrument built for this special task is the aerosol hydration spectrometer

(AHS:; [Hegg et al. | . The set-up comprises two optical instruments, to measure the

properties of the dry and humidified aerosol particles. However, quantifying hygroscopic
growth with the AHS is difficult as the measurement is performed for poly-disperse rather
than size-selected aerosol samples. The differential aerosol sizing and hygroscopicity spec-
trometer probe (DASH-SP; Sorooshian et al., [2008) —t-is-eonstructed-usinga—is_using

a_combination of differential mobility analysis (DMA) and optical particle spectrometry
(OPS) and has successfully been applied for airborne GF measurements at sub-saturated
RH. This instrument feeuse&em@m\pmsmall S|zes in the range of 150-225nm
dry diameters.

m}(imm the alrcraft campaigns an attempt was made to
reconcile simultaneously measured chemical composition and hygroscopic growth using

an AMS and GF-results-DASH-SP. Herein, [Hersey et al.| (2009, 2013) focused their studies

on the free troposphere in the marine atmosphere off the coast of California.
Alt-meastrement-technigues-mentioned-so-far-Most measurement techniques to study

hygroscopicity fecus-on-select particles smaller than ~ 300 nm, which implies that species

that are more abundant at larger sizes (e.g. sea salt, mineral dust) cannot be futty-easily in-

vestigated. This may induce awﬂdereeﬁmaﬂeme#the%eaﬁeﬂﬂgﬁeteﬂth&ke#m&e\fem

tes—but-atseo derestimation—of-the—everalhygroscopicprope

atm—espheﬁc—aeresekpa%ﬂetesﬁ a bias in estimates of the humldlt effects on hygroscopic
rowth and light scattering efficiency of particles in the upper accumulation mode size
range. Indeed, |[Zieger et al| (2011) presented a comparison between HTDMA measure-
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ments for dry diameters of 165 nm and calculated GFs using size distributions, scatter-
ing enhancement factors (based on polydisperse-aerosot-partictes—poly-disperse aerosol
particles in the PM; range) and Mie theory. The comparison revealed that indeed in the
presence of sea salt the HTDMA resutts—hygroscopicity results for particle diameters of
165 nm were not representative for the atmospheric accumulation mode particles, finding
too small GF values. Based on these findings we concluded that studies-of-understanding

the hygroscopic properties of larger sizes—areneeded-in-orderto—get-amore—complete

picture-of-the-ambient-aerosolparticlesparticles is important as well to understand the RH
effects on aerosol optical properties. Hence, we developed the white-light humidified opti-

cal particle spectrometer (WHOPS; 2Rosati et al.,[2015a) to perform vertical profiles of the
particles” hygroscopic properties of optically more relevant sizes (Dgry = 300, 500 nm).
Within the Pan-European Gas—AeroSOl-climate interaction Study (PEGASOS)
airmasses-air-masses over Europe were explored in order to understand feedbacks be-
tween atmospheric chemistry and a -changing climate. A-Our interest here focusses on

MWWWZGPPGW NT (“New-Teehnology")wasehesenNew
Technology”) was utilized as measurement platform to specificalty-probe-changes-in-probe
different layers present in the evolving convective PBL —The-WHOPStegether-in various
EWMWZMMMMWW an aethalometeraﬁdﬂHAMS

HR ToF-AMS and the WHOPS to investigate the chemical com osmon the h roscowlé
roperties as well as the mixing state of the aerosol particles. In the current study, data

from vertical profiles me

{recorded above southern Po Valley, Halyltaly) and central Europe Cabauw Netherlands)
are presented (Fig. 22{I] shows the campaign Iocatlons) Hightdata-isfurthercompared-o
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in-situ measurements made it possible to assess under which conditions the ground data
are representative of the column above.

2 Experimental
2.1 The Zeppelin NT airship

The Zeppelin NT airship, which served as a platform for the airborne measurements, flew
with an average speed of 50 kmh~! -a.g—AGL and reached altitudes between 80 and

approximatety-1000 m -a-g-AGL, depending on the pay-teadpayload and ambient tempera-
ture. Therefore, a good spatial and temporal resolution of the gas-phase and aerosol prop-

erties could be obtained. Additionallythe-Zeppelin-characteristics—allowed-for-a—distinet
This made it possible to focus on the evolution of the mixed layer forming at low altitudes
in the first hours of sunlight —and finally expanding across the whole PBL. In order to do

S0, circles at selected constant heights were flown with straight ascends and descends. For
flight safety reasons, the Zeppelin could only be deployed on days with low wind speeds ;

and low cloud coverage or clear sky.

The Zeppelin NT airship could be equipped with different instrumental layouts for focus-
ing on certain research questions. For this study the so called secondary organic aerosol
(SOA) layout was utilized. This layout fecuses-on-the-measurementincludes measurements
of aerosol properties like aerosol hygroscopicity, size distribution, particle number concen-
tration, chemical composition and volatile organic compounds (VOC). The specific instru-
ments used to measure these properties are described in the following subsections. In
addition, nitrogen oxides (NO,), ozone (O3), carbon monoxide (CO), radiative flux, hydroxy
as well as peroxy radicals (OH,HO,) were monitored continuously on board of the airship.
Each instrument had a separate inlet system and a separate sampling position.
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2.2 Flight and gretnd-based-ground-based measurement locations
2.2.1 Po Valley site

The ltaly campaign -within-the-PEGASOSproject,-wastocated-took place in the Po Val-

ley, a -region known for its remarkably high air pollution levels, compared to other places in
Europe (see e.g.|Putaud et al.,2010). The Po Valley hosts several industrial, urban and agri-
cultural areas allowing for detailed anthropogenic pollution studies, howeveralsetong-range
. also long range transport and aged aerosol from other sites can be investigated. The Zep-
pelin NT airship was stationed at Ozzano Airport (located at 44°28’' N, 11°32' E, ~ 30 km
sottheast-south-east of Bologna) and performed flights during June and July 2012 in the
greater Po Valley region. The vertical profiles were fecused-abeve-mostly taken near the
San Pietro Capofiume (SPC) ground station (located at 44°39’N, 11°38’ E), a -rural back-
ground S|te wh|ch lies apprOX|mater 40 km north-east of Bologna Addmeﬂaﬂwda{a#rem

msuﬁ&measufedﬂ{ﬁwaafated%Throughout the PEGASOS campaign the SPC aﬂd
MTC-station-were-station was equipped with a -set of instruments equivalent to those on the
Zeppelin NT airship in order to compare flight and gretncHevet-data—tr-orderte-ground-level
data. To get estimates of the mixing layer height a -Jenoptik CHM15K “Nimbus” automated
tidar-ceitometer-lidar-ceilometer was employed at SPC{. In the present analysis we used
an operator-driven approach which avoids the major drawbacks of automated mixing layer
height (MLH) retrievals (e.g., /Angelini et al., 2009, Haettelin et al., 2012 and Di Giuseppe
et al}, [2012). This is performed by manually evaluating the MLH by a skilled operator’s
visual analysis. The trained operator manually marks a number of points (at least one per
hour) matching the requirements of showing maximum signal gradients, maximum signal
variance, continuity between sunrise until sunset and separation from the residual layer’s
gradient maxima. A spline curve is then fitted to these points to provide a continuous MLH
observed by the ceilometer (about 200 m AGL). The typical uncertainty due to this approach
10
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amounts to 3 pixels, i.e. =45 m. Additionally, we compared the ceilometer retrieval to the
MLH found by analysing T and RH gradients from a co-located radio sounding performed

at 11 UTC. Note, that the radio sounding was carried out only once every 12 hours, while
ceilometer retrievals of MLH have a time resolution of minutes. The 11 UTC MLH retrieved

from the radio sounding yielded a value of 753 m AGL, while an altitude of 772 m AGL was

found from the ceilometer data at this time of day. The two retrievals agree within the +-45m
we commonly use as uncertainty of our MLH retrievals. The findings of the ceilmeter are
additionally supported by height profiles of the potential temperature (©) measured aboard

2.2.2 Netherlands site

The campaign in the Netherlands was located in the South Holland and Utrecht region.
This region is representative for north-west Europe and is influenced by continental and
maritime airmassesair masses, depending on the wind direction. The Zeppelin NT air-
ship was stationed at Rotterdam — the Hague Airport and conducted several flights in
May 2012. The vertical profiles were performed near the Cabauw Experimental Site for
Atmospheric Research (CESAR, located at 51°97’ N, 4°93' E). The CESAR station hosts
a number of instruments to characterize radiative properties, climate monitoring and atmo-
spheric processes (www.cesar-observatory.nl). During the PEGASOS campaign an aerosol
mass spectrometer was added to the permanently installed aerosol measurements. Also
at this station, a ceilometer system (Vaisala LD40) was utilized to get an estimated mix-

ing layer height(Haij-etat;2667). The retrieval of the mixing layer height from the LD40
ceilometer_backscatter profiles is based on a wavelet algorithm (Haij et al.,[2007). The
as an estimator for the quality of the retrieved height. Retrieved mixing heights with the
an estimated accuracy on the order of 50 m.

11
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2.3 Instrumentation for aerosol measurements

2.3.1 Hygroscopic and optical aerosol properties

On the Zeppelin the hy ie—an i

white-light humidified optical partlcle spectrometer (WHOPS) 4he4WH9PSﬁmekwas
used_to_determine hygroscopic_GF. All instrument specifications, as well as_associ-
ated calibration and data analysis proceduresare-deseribed—, are presented in detail in
?Rosati et al.| (2015a). Briefly, particles are collected through an isokinetic inlet, developed
for an average flight velocity of 50 kmh_"!, before they reach the WHOPSand-are-dried-in
a-diffusion-drier-and-then-size-setected-ina—, Then the particles are dried (RH<10%) and
size-selected in a differential mobility analyzer (DMA). In the-next-steptheseparticles—are
either-a_next step, the dry particles are guided directly to a ~-WELAS 2300 optical parti-
cle spectrometer (WELAS; Palas GmbH, Karlsruhe, Germany) for-a-measurement-of-the

partiete-sizedistribution(~300—16to measure the dry optical response. Alternatively, the
size-selected dry particles are humidified before being directed to the WELAS to measure
the wet optical response (residence time at high RH: ~20 666 jor-humidified-in-between:
s). Multiply charged particles appear as a distinctly separated mode in the optical size
distribution measured by the WELAS and are discarded from the further data analysis.
Hygroscopicity measurements are typically performed at RH =95 %, where the uncertainty
in the humidity measurement is assumed-to-be—+2-estimated to be +2%. Since the RH
to which particles were exposed to varied only between ~-94-9694-96 % during both flight

days, no further RH corrections were applied to the results. By-measuring-atboth-conditions

Using the WHOPS set-up, an optically measured size distribution for-can be achieved b
stepwise recording the size-selected particles ean-be-+ecorded-in their dry and humidified

state.

To be able to link the measured partial scattering cross sections (o; from now on referred
to as simply scattering cross section) of the WELAS to specific geometric diameters, several
factors have to be known: the index of refraction (m) as well as the optical setup-set-up of

12
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the instrument, the spectrum of the light source and sensitivity of the detector. This-specific
opticaHnstrument-

The WELAS was chosen because it-tses—a-of its white-light source (OSRAM XBO-75
Xenon short arc lamp) which minimizes Mie oscillations fer-the-light-seattering-which-in
turn—of the scattering cross section as a function of particle size. This allows for mostly
unambiguous attribution of particle diameter to measured scattering cross section. Once
aResidual uncertainties with regard to the Mie oscillations amount to less than 7% in the GF
(for more details see [Rosati et al., 2015a). Since specific dry mobility diameter-is-diameters
were selected, the optically measured o can be converted to optical diameters (D) using
a o-D-m table for a -series of different indices of refraction calculated with-the-Mie-code
based on Mie theory (Mie, (1908} Bohren and Huffman, [2007). The index of refraction where
for which the optical diameter of the dry particles coincides with the selected mobility diam-
eter is then defined as the effective index of refraction () of the dry particles. The term

gyAaAIﬁlAeArN effective” feferﬁe%%ha%emy#meakpa%ea%bedewedaﬂdmameles

the true index of refractlon can be sli htl dlfferent due to required approximations such as
assuming an imaginary part of zero, only spherical and homogeneously internally mixed
articles (see|Rosati et al., al, for more details).

Figure-Bl-Hllustrates—the—temporal—variability—of the—ebserved—effective—_The index of
efractlon of the grown artlcles approaches the index of refractlon m forthe—deseribed

%mww@w%m etal/(2015a). The effectlve
indices_of refraction for 500 nm are—shewn—intaty—a—mean—mqyof particles_and a
wavelength range of 380-600nm (see [Rosati et al.,2015a for the light spectrum of the
WELAS) were found to be 1.430.02 (mean -+ SD) anetin Italy and 1.42 £ 0.02 (mean = SD)

13
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in the Netherlandsmgry—1-424-0-02-were-feune-Hewever,-an-. An absolute uncertainty of
40.04 has to be—attﬁbutedt&ggrlgw all |ndex of refraction retrlevals (see %hls

Rosati et al.| [2015al and su Iement Durln the measurementcam aigns, the instrument

was_regularly checked and calibrated with well-defined aerosols with known optical
properties_and hygroscopicity, e.g. ammonium_sulphate_particles. Particles with a dry
MMWMMQQMW MMMMQMS%W
150s were used for the A ey
1.42 {at X — 545wet-mode and 100 for the dry-mode. The results were averaged for each
probed layer at a_constant flight altitude. This ensured that each GF-probability density
function (GF-PDF) shown in Figs. [l and [2is based on more than 90 detected

articles. As descrlbed in osatl et al. (201 5a) the GF uncertalnt for dr artlcle dlameter
of 500 nm = m v m

Depending on the mixture, the hygroscopic behaviour will change: internally mixed aerosols
wmwm

chose GF-PDFs as ra hical re resentatlon of WHOPS data to investi ate the mixin stat
of the y

theAMS—aswvﬂtbedlseussedﬂwedetatHatefaerosol artlcles durin the fli ht da S.

14
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The SPC and-MTGC-sites-were-equipped-with-site was equipped with a hygroscopicity tan-
dem differential mobility anatyzers{HTBMA; see-e.g-Swietlicki-et-al{2008)-where-analyzer

HTDMA) in order to determine the hygroscopic properties of particles with 4 different dry
diameters between 35 and 236200 nmwere-meastred—The-setup-. Each scan to record

AAIARA AN AN AN AN

a GF-PDF at a fixed dry size lasted 500s in total, thus providing a time resolution of 1.8

measurements per hour for each dry size. The set-up comprises two DMAs connected in
series combined with a -condensation particle counter (CPC). Firsta-menodisperse-, a dry

mono-disperse aerosol is selected in the first DMA (RH<30 %), then exposed to elevated
relative humidity (typically 90 %) and the resulting size distribution is then measured using
a -second DMA coupled to a -CPC providing a -GF distribution. The inversion of the HT-
DMA results was done with the algorithm proposed by [Gysel et al.| (2009). For a -direct
comparison to the WHOPS measurementsthe HFDMA-GF-probability-density-funetions—,
the HTDMA GF-PDF )-were recalculated for RH =95 % using Eq. (5) in|Gysel et al.| (2009).
Note that the dry sizes selected by the WHOPS are larger compared to those selected by
the HFBMAswhiech-feeus-ern-HTDMA, which is built for the investigation of smaller particles.

2.3.2 Aerosol chemical composition

A high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS; [DeCarlo et al.,
2006) was employed to characterize the non-refractory chemical composition of aerosol
particles. The term non-refractory refers to all species that flash vaporize at 600°C and

~ 10" Torr. Aeresels-pass-a—The particles were sampled through a 1500 mm long tube
(4mm D), ending about 200 mm below the bottom_hatch of the Zeppelin. A constant
between the aerosol inlet and the AMS, was used to regulate the downstream pressure to

800 hPa independent of upstream pressure. This ensured constant sampling conditions for
the AMS. Within the AMS, the particles pass a critical orifice and an aerodynamic lenswhich

feeuses-, which collimates particles of sizes between 100 and 700 nm into a -narrow beam.
The particle beam is impinging on a -hot surface (600 °C), where the non-refractory compo-
nents flash vaporize. The resulting vapers-vapours are ionized by electron impact ionization

15
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and measured with a time-of-flight mass spectrometer. The high-mass-spectral-resolution-of
the-empleyed-mass-spectrometer-AMS allows for identification and quantification of peaks

corresponding to classes of chemical species (e.g. nitrates, sulphates, chloride, ammonia
and organics). Where mass resolution is not sufficient or more than one chemical species
fragments to the same ion in the ionization process, known relationships between peaks at
different mass to charge ratios are used to improve quantification (fragmentation table, Allan
et al.}2004). Two operational modes of the ToF-MS (V- and W-Mode) were used during the
flights. Specifications of the adaptation of the HR-ToF-AMS for the Zeppelin requirements
can be found in [Rubach| (2013). A collection efficiency (CE) of 1 was applied to the AMS
measurements, based on a comparison between mass concentrations derived from parti-
cle size distributions measured by scanning mobility particle sizers (SMPS; TSI Inc., DMA
Model 3081 and water — CPC Model 3786) and WELAS, and the combined results of AMS
and aethalometer measurements on the Zeppelin. Because a CE of 1 is higher than ob-
served in other field studies and we cannot explain the-differences,-we-mustthis difference,
we attribute an uncertainty of ~ 50 % for the Zeppelin AMS mass concentrations. The same
procedure was applied to the ground measurements at SPC yielding the same conclusion
that a CE of 1 has to be used. In Cabauw the CE was eorrected-estimated using the al-
gorithm proposed by Middlebrook et al.[ (2012). The mass fractions of the compounds are
independent of this uncertainty.

At the ground stations, both in Italy and the Netherlands, equivalent black carbon (eBC)
mass concentrations were measured with a multi-angle absorption photometer (MAAP
Thermo Scientific Model 5012; |Petzold et al., [2005) with a resolution of five minutes
and an uncertainty of 12% (Petzold and Schoénlinner, 2004). A mass absorption cross
section (MAC) of 6.6m?g~! for a wavelength of 637 nm (Mdiller et al., 2011) was cho-
sen to convert the signat-inte-measured particle absorption coefficient to eBC mass
concentrations. A portable aethalometer (AE42, MAGEE Scientific; Berkeley, USA) was
mounted on the Zeppelin NT to monitor the eBC mass concentrations. The aerosol was

collected through the same isokinetic inlet and sampling line as for the WHOPS. eBC
concentrations were logged with a time resolution of 2min and averaged for the time

16
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needed to probe a certain layer. Results at a wavelength of 880 nm were used. Dur-
ing the flights a maximal attenuation of 70% and a 4L min~! flow were chosen. The
data was used as retrieved by the manufacturers’ firmware using an apparent MAC of
16.6 m2 g ! at a -wavelength of 880 nm which-howevercontains-already-a-correctionfor
the-multipte-seattering-for the BC deposited in the filter matrix. in-order-to-get-comparable
eBG-values—This value already accounts for the additional absorption within the filter
matrix due to multi-scattering effects (Weingartner et al,[2003). Furthermore, using this

alue rovides consistent eBC mass concentratlons from MAAP and aethalometer, both

theﬂethalemeteemtﬂtlptee&aﬁefmgeeeﬁeeﬁenrtaetee the muIt| scatterln enhancement
g%C{}Wemgartne%e%&l—bm vaIue of the aethalometer is 3.48 %assun%ng%e%e

meaeu%e&p&rttetes—smaﬂeHhanJr nd |f the absor tion An strom ex onent AAE of BC

+we+efeete—theehermeakeempesmeﬁﬂsre#nm W@@QM@MMMW
in good approximation (WMO/GAW, 2016{Collaud Coen et al. [2010;/Sandradewi, [2008).

The chemical composition obtained from_the bulk measurements of AMS and
aethalometer is considered to be representative of P M, (particulate mass with an aerody-
namic diameter smaller than 1 um)in-the-fettowing, as the AMS has a transmission efficiency
of close to unity for particles with vacuum aerodynamic diameters between 50 nm and
600 nm and as most eBC is expected to be present in the size range below 1 um.

3 k-Kobhler theory

In order to link hygroscopicity measurements made at different RH using different instru-
ments, it is common to use the semi-empirical x-K&hler theory introduced by

17
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Kreidenweis| (2007):

3
RHeq(Dary: GF, #) = (GF, x) - Si(GF, Dry) = GF?E(I—ln) exp <}m> @)
Kéhler theory relates the equilibrium RH (RHeq) over a solution droplet to the product of the
water activity a,, representing the Raoult term, and factor S\ representing the Kelvin term.
Dygry describes the dry diameter, GF the growth factor (see Eq. , 0g/a is the surface tension
of the solution/air interface, M,, the molecular mass of water, R the ideal gas constant, T’
the absolute temperature and p,, the density of water. « is the semi-empirical hygroscopicity
parameter introduced by |Petters and Kreidenweis| (2007), which captures the composition
dependence of the Raoult term.

To derive « values from GF measurements at specific RHs, the relation between a,, and
GF is used as described by |Petters and Kreidenweis| (2007)is-tseek:

_ (GF(RH)3;1) (1 aw) -

The subscript “meas” refers to the fact that this « value is based on the measured GF.
The water activity ean-be-was inferred from the RH and equilibrium droplet diameter (Dyet):

RH

40’/ M, (4)
exp <RT;7; Dwet)

Ay =

In our calculations the surface tension of water is assumed. For a —composition-
hygroscopicity closure, the x values derived from the GF measurements (WHOPS)
as—deseribed—above—are—compared—with—the—~—vatues—are _compared to those de-
rived from the chemical composition measurements (AMS and aethalometer). The
composition based ~ vatues—of—a—mixedparticlevalue, rmix, €an—be—of a mixture
was _estimated from the pure—component-behavior—using—the—Zdanovskii,—Stokes—and
Robinsen—{ZSR-Stokes-and-Robinson;1966)—mixing—rule—Aceording—to—theZSR—mixing

18
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rumﬂﬁﬂﬁmpky—%he—velume—#aetmﬂﬁergmeebmea%he#—%h&m values, k;;—of—all
of the pure components and the

res ectlve vqume fractlons, €;, Using the Zdanovskn Stokes-Robinson (ZSR) mixing rule
(Stokes and Robinson, (1966 [Petters and Kreidenweis| [2007):

Rmix = Zﬁi/‘?i (%)

The mass concentrations of nitrate, sutfatesulphate, ammonia, organics and chloride ions
as measured by the AMS were converted to neutral salts in order to apply Eq. (5) to calcu-
late hygroscopic properties of the aerosol particles. To do so the ion paring-pairing mecha-
nism described by [Gysel et al.|(2007) in their Eq. (2) was used. The corresponding densities
as well as « values for the corresponding pure compounds for the prediction of the hygro-
scopicity parameter are summarized in Table [} For the inorganic salts, the bulk densities
were taken from literature and the « values were derived from ADDEM predictions (Topping|
m 2005) which is a detailed model capable of calculating growth factors of inorganic
aerosols W|th high accuracy. The final s values were calculated for 95-RH-and-a-dry-diameter
ot-560-For-the-organies—a-equilibrium solution concentrations at ay=95. The r vatte-of
%Weﬁh%wa&%mmwﬁ mferred from the medfawmggwgg
O:Crati 5

WWWWM

uplissy et al. (2011) for organics in atmospheric aerosols. The O:C ratio was deduced
WWMWMWMMW&@M
During the flight in Italy, O:C differed slightly between the three probed layers with values
of 0.4540.03, 0.55 4:0.03 and 0.50 4 0.05 for the newly forming ML, the RL and the fully

and 0.12 accordingly. The mean O:C ratio of the organics measured at the SPC ground
19
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Netherlands, the mean QO:C ratio_of the organic matter measured by the HR-ToF-AMS at
Calculations of the density of organic matter were based on a parametrization based
or—O:using O:C and H:G-ratios-introduced-by-{Kuwata-etat{2612)-was—used :C ratios

B s A N -

35kgm—3. eBC was assumed to have x = 0 and a bulk density of 2000 kg m—3.

4 Results and discussion
4.1 Po Valley campaign

Here-In the following we present hygroscopicity results recorded with the WHOPS aboard
the Zeppelin NT airship. The vertical flight pattern performed on the-20 -June 2012 is shown
in Fig. During this day vertical profiles were measured riear-within 5 km horizontal
distance from the SPC site from ~68~08:30+FLT until approximately 14:00LT with a
-refuel break in-between (~16:66—1+1~10:00-11:00LT). Two different height levels were
covered at approximately 100 and 700 m AGL. On this day westerly winds and wind speeds
around 2-3 m s~ ! prevailed. Thereforethe-airmasses-, the air masses originated from the Po
Valley plain and due to the low wind speeds the influence of local pollution was highesthigh.

Figure [l-depicts—the-2 depicts the temporal evolution of potential temperature (©) and
RH profites—observed_during the flight tegether—with-at different altitudes. The shaded

area denotes the estimated mixing layer height provided-by-Ceitometer-Lidar-inferred from
ceilometer-Lidar data. The RH ranges from 30 % to a -maximum of 60 % and shows a clear
altitude dependence: during the first part of the flight the RH was always higher near the
ground, while later in the day the opposite trend is visible. The evetutions-evolution of © and
RH-etucidate-a—elucidates a clear layering during the beginning of the flight (seen as abrupt
change in © between 100 and 700 m AGL), which slowly disappears towards the last pro-
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files. Fhis-development-Detailed height profiles of © as well as mean values of RH and © for

each height profile can be found in the supplement. The development of © is also consis-
tent with the evolution of the estimated mixing layer height, which indicates that during the

morning hours (~ 08:30—10:00 LT) we were able to ascend into the RL and investigate the
new ML at the lower altitudes. During the second half of the flight (~ 12:06—1430-14:00LT)
the fully developed ML was probed at both altitudes.

4.1.1 Hygroscopic—GFmeasured—with—the—-WHOPSMixing state inferred from
hygroscopicity measurements
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GF PDFs measured by the WHOPS for dlfferent altltudes and tlmes of da and therefore
specific layers within the PBL. Each GF-PDF represents an average over the chosen time
M’WM%GF and « values at-different-attitudes-in-the-fulty developed

MI_—fNovrvevggbvgngrtelare presented in TabIe [2}-shewless-spread-with-valuesof-0-14-and-6:21

atﬂtudes—aeﬂ%emeaﬁwatues—ehewmﬁ%ble%ln general broad GF(95 %) dlstrlbutlons
W|th art|cles exhibiting GFs between 0.9 and ~ 2 5 wereeebeervedﬂﬁdepeﬁdeﬁtly

ebserved#eHhePDF{‘rcan be observed throu hout the fI| ht Vertlcal dlfferences appear
22
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during IHP1/2 (Fig. BB and c)-—Fhe-, with 2 more pronounced fraction of more hygroscopic
particles (GF > 1.5) is-more-preneuneed-in the new ML, white-the-compared to the RL. On
the other hand, the fraction of particles with GF < 1.1 is higher-more prominent in the RL.
This-exptains-the-higher-mean-particte-As a result, the mean hygroscopicity in the new ML
compared-to-the-RLis higher than in the RL reaching GF(95 %) values of 1.88 +0.19 in the
former compared to 1.61 + 0.16 in the latter.

tn-the—early—afternoon,—the-The GF-PDFs measured during—tH+P4after approximately
12:30 LT (IHP5/5/6) do not exhibit any clear vertical differences (Fig-E3b and d), supperiing
the-above finding-of being-indicating that in this period the Zeppelin NT flew within the fully
developed ML at both altitudes. Subtle-differences-area-slightly-higherfraction-of-particles
with—-GFThe mean GF(95 <t+—and-a—slightty tower—fraction—of partictes—with-GF—+5

%) values amount to 1.49 +0.15 and 1.63+0.16 at 100 cempared-to-and 700 m AGL,
respectively. This difference in mean GF(95 %) is for the most part caused by the outlier

at ~ 12:45LT, as will be shown below with Fig. [6H4] It leads to subtle differences between

the two altitudes with a slightly higher fraction of particles with GF < 1.1 and a slightly lower

fraction of particles with GF > 1.5 at 100 m AGL compared to 700 m AGL. When comparing
the results at fixed elevation at-but different times (Fig. Be—{3a vs. b and c vs. das-well-as

Fig-H) distinct changes were-are only observed at the lower altitude in the transition from
the new ML to the fully developed ML, while little changed at the higher altitude in the transi-
tion from the RL to the fully developed ML. This indicates-thatiocal-aerosol-sources-havea

strongerinfluence-inthe-shallewnew-ML-while-can be explained by the differing chemical

composition of the particles in these layers, with a very strong nitrate fraction in the new ML

Wmm fuIIy developed ML is-deminated-by-background-aecrosetas will be

&eeft&rﬂ%fﬁepeﬂeekEven though the GF- PDFSLQMmpIy externally mlxed aerosol

particles, this is not necessarily the case at all times as the average of an internally mixed
aerosol with variable composition could potentially yield the same result. Due to low count-
ing statistics highly time-resotvedtime-resolved GF-PDFs are not available. For this reason,

23

todeq uorssnosyq | Jedeg uwoissnostq | Iodeq uorssnosyq | 1edeq uorssnosi(q



20

25

we divide the particles in differenthygroscopicfractionsin-erderthree hygroscopic fractions
to further investigate the time-gdependenttime-dependent mixing state characteristics. Mea-

surements for Dy, = 500 nm are classified in-three-hygroscopieity-categories-as GF < 1.1
(“non-hygroscopic”), 1.1 < GF < 1.5 (“moderately hygroscopic”) and GF > 1.5 ("most hygro-
scopic”), which correspond to ranges of x < 0.02, 0.02 < k < 0.13 and & > 0.13, respec-
tively. Figure [El4] presents the temporal evolution of the number fractions of particles in
these three categories together with the flight altitude. At all times, particles are simultane-
ously present in at least two, mostly all three hygroscopicity ranges;-whieh-, This indicates
an externally mixed aerosol throughout the flight. The moderately hygroscopic partictes-are

almostalways-the-smallestfraction,-constantly-fraction is mostly the smallest one, account-
ing for less than 20 % of all particles (light blue dots in Fig. [B4). The most hygroscopic

particles-are-almost-always-the-largest-fractionfraction is_predominantly the largest one,
accounting for ~ 45-85% of all particles, while the non-hygroscopic particles—centribute
fraction contributes to ~ 9-34 %, whereby these values do not include the outlier. It is im-
portant to note that part of the temporal variability of the number fractions shown in Fig. [El
[]is caused by limited counting statistics rather than true variability of aerosol properties.
However, the outlier in the fully developed ML at ~12:45with-a- LT with a non-hygroscopic
fraction as high as 50 %, reflects truly different aerosol properties rather than just statistical
noise.

Previous mixing state studies, based on hygroscopic growth behavier-behaviour mea-
sured with HTDMAs, found similar substantial non-hygroscopic fractions in airmasses-air
masses influenced by urban areas, where externally mixed black carbon (BC) was revealed
as the major contributor (see e.g. Juranyi et al.l 2013|; |Laborde et al., 2013} [Lance et al.,
2013). The number size distributions of freshly emitted BC particles typically peak in the
diameter range around ~ 100 nm (Rose et al., 2006). Therefore, externally mixed BC is
less likely to give a —significant contribution to the-total-number—of-particles with a —di-
ameter of 500 nm ;—which-is-as_probed by the WHOPS, while-substantial-contributions

from—externally-—mixed-BC—ean-be-expected-even so a substantial contribution might be
detected in the lower accumulation mode size range probed by e-g—HFBMAs-when-being
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B&parﬂetes—Seﬂaﬂwtyﬂﬂalya&HTDMAs Sensmwt anal ses showed that it is very un-
likely that non-hygroscopic externally mixed BC shows-up-particles appear at GF ~+.0-1

in the WHOPS%esm%ethe#aeHhatﬂtetwee#eet&eetﬁerae%eaeﬁe%%H%mﬂeeﬂeﬂt

.-- Boten
\/

Mg%ﬂmseheﬂ&a@ﬂgmmmgv@ggprocesses i.e. the acqwsmon
of condensable vapers—fem%g—eﬁm%shell around the BC core%tmeean

WWWWWWMMW
in the size range probed by the WHOPS. These processes increase the effective density
of BC-containing particlesane-makes-, make their effective index of refraction more simi-
lar to that of BC-free particles (Zhang et al., [2008) ;-hewever-the-hygroscopieity-inereases
as-well-and enhance their hygroscopicity (e.g. [Tritscher et al., 2011} [Laborde et al}, 2013).

Thusinternally-mixed-A comblnatlon of these effects might result in detectlon of aged BC-
contammg part|cles Ray-giv W :

Other OSSIble contrlbutors for the non- hygroscoplc partlcles measured by the WHOPS are
for-the-most-part BC-containing particles—Besides;—could be non-BC products of biemass

thgmomllketar baIIs(Posfal eta|, 2004 |Alexanderet aI|, 2008)are
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pameles—ls—kﬂewn%e—exteﬁetde\mﬁe%ubaweremetewzeﬁor bIO|0 |caI materlal such
as virus particles, bacteria or fungal s ores eg %&Hd%hefefefeﬁme%heﬂ'af@eﬂ#fhe

WAL

Zeppelw%#ﬂepeﬁed—hereaeee@ﬂg—te%hewm 2012). Mlneral dust is mdee
a candidate as the HYSPLIT model for Saharan Dust Intrusions (specific analysis by “Spain

Whttp //www ciecem.uhu. es/hyspllt/ not presented here) —Fhus;minerat-dustis

Hmw%wwrmmm@
atmospheric layer (100 m AGL) near the SPC site. However, we do not have adequate data
to further investigate the source or chemical composition of the effective index of refraction
apptied-in-this-study-for the-WHOPS-data-anatysis;-steh-that-non-hygroscopic biopartictes
would-correctly be-measured-ata GFof ~1by the-WHOPSfraction.

26

1odeJ uoISSNOSI(]

1odeJ uoISSNOSI(T

1odeJ uoISSnNOSI(]

1odeJ UOISSNOSI(]


http://www.ciecem.uhu.es/hysplit/

20

25

The SPC ground station

was equi ed wrth an HTDMA to measure GF PDFs at RH==90% in the dry diameter

, pvrgk&@figuwrelﬁl
WGF PDFs measured ee%he%eppehﬁﬂﬂ%PGar%Mil:&dhﬁded—rﬂ%&resm{s

at the ground site (HTDMA) with the airborne data from 100 m AGL (WHOPS) separatel
for the new ML the-Ri-and the fully developed ML. Note that the WHOPS cannot reliably

detect particles with GF < 1.5 and Dy, = 300nm, as described in 2Rosati et al/(2015a).
Thus, no information is available from the WHOPS measurement-measurements on the
number fractron and propertles of the 300 nm partrcles with GF < 1.5.

behveea%he{;gmggrmﬂqjhejwo dry sizes probed by the WHOPS revears—&mhggw
forming ML (red line and blue bars in Fig.[Bh) reveals a strong resemblance of the GF-PDF
shapes-for GF > 1.5, except for a -small shift towards larger GFs for the smaller particle size.
This suggests that hygroscopic particles of these two sizes have a -similar chemical com-
position. When, however, comparing to the HFBMAspc-HTDMA (yellow line) obvious differ-
ences appear: The distinct mode at GF ~ 1 seenby-the- WHOPS-in the WHOPS data for the
500 nm particles is much-smalterless pronounced in the HTDMA results. Fhis-might-be-due

to-the-factthatpossible-explanationsfor-The reason might be that possible contributors to

the non-hygroscopic particles{deseribed-in-Sect—2?)-are-more-probable-mode are different
for the larger size investigated by the WHOPS compared to the HTDMA size range. In addi-

tion, the dominant hygroscopic mode is eentered-centred at smaller GFs in the HTDMA GF-
PDF, which causes a -smaller mean GF and « value compared to the WHOPS This-is-seen
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inthe-mean—+-values,(listed in Table [2{-w

Ea—(3). Itis very unlikely that these differences soIer arise from the size- dependent particle
composition since upper accumulation mode particles at 200 and 300 nm are expected to
be similar. The chemical analysis, which will be discussed in Sect. 244.1.2] reveals a ni-
trate mass fraction of ~ 22 % in the non-refractory PA/; composition. Ammonium nitrate is
semi-volatile and prone to evaporation artifactsartefacts. Gysel et al.| (2007) provided strong
evidence for ammonium nitrate artifacts-during-HFBMA-measurementsartefacts in the dry
part of the HTDMA measurement, which resulted in underestimated hygroscopic GFs. The
HFBMAs-HTDMA employed in SPC ane-MTC-featured-smalterfeatured shorter residence
times in the range between 10—15's, which should minimize nitrate evaporation losses, how-
ever, they can still not be fully excluded. GF measurements done by-with the WHOPS are
most likely less susceptible to ammonium nitrate evaporation, as the residence time in the
dry part of the instrument is tewer-very short due to higher flow rates. Thus, part of the
difference between the ground-based SPG-HTBMA-HTDMA and the airborne WHOPS in
the new ML could potentially be caused by artifacts-artefacts in the HTDMA, which results
in a -small bias of measured GFs. Another possible reason could be that the particles at the
ground (measured in the surface layer) and at 100 m AGL were not exactly the same due
to e.g. direct influences by local emissions.

a%eswwlaHeMsuH&#em%he—awbeme—WH@%measwemeﬁ%sThls h otheS|s is also

supported by measurements of the particles’ optical properties on this flight day, presented
in[Rosati et al| (2015b). A comparison of the scattering and extinction coefficients between
the airborne and ground-based measurements, shown in Fig. 4 and 8 in the stated paper,
respectively, also illustrate differences between the two altitudes, which are independent of
Wmm
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Figure ??e-Bb displays the results for the fully developed ML. There-is—again-fitie

diﬁefeﬁe&l_mitﬂgwwgggg between the results for the two sizes probed by the

WHOPS;—= , . The GF-PDF
measured by the HTDMA ﬁmwwwmm%mﬂmg
ML and therefore yields comparable mean hygroscopicity values (listed in Table [2). The
number fraction of non-hygroscopic particles is again smaller compared to the WHOPS ;
white-the-results. The dominant hygroscopic mode is simitar-exeept-for-smatl-differences
%pe%%%#h@k%%eﬂeﬁeﬂ%h&me&%ﬂteﬁ&edﬂﬂ%ﬁ%more alike
though slightly shifted to smaller GFs in the HTDMA results. Better agreement between
differences within the new ML, may be caused by stronger vertical mixing, thus resulting in
better vertical homogeneity.

4.1.2 Chemical composition

Figure [6] depicts the mass fractions of carbonaceous and inorganic aerosol components
in PM;, as well as the mean Py mass concentrations for the SPC ground station
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{Fig-IZe-and-b)y-and-and the altitude levels probed during the Zeppelin NT flights{Fig—7e—f)-

. Organic and inorganic species were always measured by an AMS, while eBC was mea-
sured by a -MAAP and an aethalometer at the SPC site and on board the Zeppelin NT,
respectively.

Figure Zpe-and-e-illustrateresultsfor-the-early-morning-hours—At this time of day, the
highest P/, mass concentrations were measured in new ML with mean values of 22 and
20 ug m~3 at the ground site and ~ 100;respectively—m AGL, respectively (Figs. [6a, ¢
and e). This is expected as most emissions from the ground, which accumulated during the
night, are trapped in the new ML. The mean PM1 concentrations in the RL at ~ 700 m AGL
(Fig. [Bc), which is decoupled from the emissions at the ground, were substantially lower
(15ug m—3). These vertical gradients in aerosol concentration disappeared and aerosol
loadings within the ML dropped as the new ML evolved to a —fully developed ML in the
course of the day, which resulted in stronger dilution and better vertical mixing of fresh
emissions from the ground. This is confirmed by the results of the afternoon flights, when
consistently +2—+312—14 ug m—3 were measured at both flight levels and the ground station
(Fig. [#Bb, d and f).

Overall, organic compounds were with 43 to 62 % by mass the largest fraction of PM1,
while the sum of inorganic species contributed between 29 and 48 %(Fig—{7)—. The eBC
mass fraction remained constantly below 12 % and chloride was always negligible with less
than 1 %. During IHP1/2 a clear difference between the mass fractions in the new MLwith
a-, with a high nitrate fraction of 26—2220-22 % (Fig. [Z&-6k and c), and the RLwith-a-, with
a nitrate contribution of only 5 % (Fig.[#6k) were observed. This increased nitrate fraction in
the new ML can be explained by the accumulation of nitrate species over-nightovernight at
low temperatures, which are formed in the nocturnal surface layer and are then entrained

into the new ML after sunrise. The drop of the nitrate mass fraction in the fully developed

ML is due to volatilization of nitrate species as a result of both, increased temperature and
dilution. The eBC fraction was slightly higher in the new ML compared to the RL, whereas

the organics and sulfate-sulphate fractions were substantially lower. During the afternoon
flights (IHP41HP5/5/6;Fig-{7b;-a-ane) in the fully developed ML, the differences in chemical
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composition between-at different altitudes disappeared as they did for the aerosol loading.
The mass fractions of all species were comparable at the ground and the two flight altitudes
and also very similar to those in the RL probed in the morning.

Several AMS campaigns at SPC previously determined the chemical composition at
ground-evel-A—ground-level. A springtime campaign presented in Saarikoski et al.[ (2012)
revealed a -nitrate peak during the break-up of the nocturnal boundary layer, consistent
with our observations, suggesting local sources of nitrate. In contrast, sutfate-sulphate con-
centrations stayed constant throughout the day, thus indicating small local influence, again
consistent with our results. Previous airborne AMS measurements showed high ammo-
nium nitrate concentrations in the Po Valley plume, thus indicating large nitrogen oxide and
ammonit-ammonia sources in the Po Valley region (Crosier et al., 2007).

A

4.1.3 Hygroscopicity results from airborne and ground-based measurements

A quantitative closure study between measured chemical composition and hygroscopic

properties—was-done-with-the-approach-growth was performed as described in Sect. (3] I
Forthis-purpose-Eq-Figure [Jillustrates the time series of the hygroscopicity parameter as
deduced from the WHOPS measurements (violet points) and the chemical composition data
(blue_ diamonds) on board the Zeppelin NT. During IHP1/2 (B)-was-used-to-caleutated-the
~08:30-10:00 LT) a clear vertical trend is seen by both techniques: Higher hygroscopicity
values are found close to the ground (~100m AGL) compared to those at elevated
altitudes of ~ 700m AGL. This altitude dependence implies_different layers with distinct
wmwm
%m@mmm
WMM K WWQ%WHHHH@W%WW

s \/ a A aged O d aroan

Hﬁe%HJaHeJErof 0 19i0 07 and 0.22 iO 05 was found by the WHOPS and chemlca
composition, respectively. Closure is achieved between k and kg which agree
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within uncertainty. Inorganic species are strongly hygroscopic, while organics and BC are
only weakly hygroscopic and non-hygroscopic, respectively (Table |’I_'[) ConseguentlyAs a
consequence, the hygroscopicity of a -mixture-inereases-mixture is expected to increase
with increasing morganlc fraction. ?hl%explarﬂs—wiﬂw}e%%gheskeempesmeﬁdewedﬁ%

45% com ared to 30%; F| . The varlatlon of the inorganic fractlon behﬁeefﬁhekdm‘efeﬂt
tayers-are-mainty-ecaused-tself is driven by the variability of the nitrate mass fraction. Thus,

the high nitrate mass fraction in the new ML is responsible for the increased particle hygro-
scopicity in this layer. Figure @ time-resolved-data)

After ~11:00LT further profiles were performed. During IHP3 and |HP4 the ML had
entrainment zone between the layers. Therefore, we discuss only the results from IHPS
and IHP6 (~ 12:30-14:00 LT), when the ML was fully developed and reached above the
upper flight level. In the fully developed ML, hygroscopicity results show less_variability
with no clear dependence on_altitude. The observed hygroscopicity values amount to
rwrops = 0.14£0.06 and richem = 0.19 £ 0.04 at 100m AGL and rwrops = 0.20 +0.08

and fchem = 0.20 £0.04 at 700 m A@M‘WMWWM
and Table [2(Fr v y F v
%mm
were characterized by a similar inorganic mass fraction of 30-34%. An exception is the
measurement taken at around 12:45 LT and WHOPS-derived-100 m AGL, when the mean «
values-is-achieved-within-experimental-unceriainty.was considerably lower due to a strongly
ncreased fraction of non-hygroscopic particles likely originating from a local source (see
. Apart from this singular observation, the particle hygroscopic properties were

homo eneous across all altitudes in the afternoon. This is in concordance with the analysis
of © and the mixing layer height displayed in Fig. 2] which indicate the presence of a
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single layer below ~700 m AGL. Once the fully developed ML is present vertical differences
in aerosol properties are expected to disappear. Only altitude dependent changes in

temperature and RH can lead to alterations of the particles e.q. through phase partitionin
effects.

The #-values-derived-irom-the- HFBMA-measurement-hygroscopicity parameters inferred
from the chemrcal com osrtton measurement at the SPC srteeresrgmﬂeaﬂtlyteweﬁhaﬁ

round site, Kcpem-SPC, are 0.314+0.08 and 0.21 4-0.06 for the new ML and the fuII
develo ed ML respectivel TabIeE[) Thlsdtsagreemeﬂﬁﬁghtbee&usedasthereﬁﬂtet

Durrwpreweus—measuremeﬁtsdecrease of hygrosco |C|t is caused b the decreased
nitrate and with that also total inorganic mass fraction, as also seen from the airborne
measurements However the HTDMA at the SPC site W—ﬂm

v cl
fa a O A\/O O a
O O A \/

mﬁ%ﬁﬂ%ﬁ%tﬂawﬁ%eﬂmmm
the HTDMA-derived r, value was significantly lower than the airborne and ground-based
artefacts in the dry section of the HTDMA as already mentioned above.

4.1.4 Comparison of-hygroscopicity-results-with previous campaigns

The aerosol hygroscopic properties reported in this study were measured on 20 —June
2012 ;-a—near SPC during a predomrnately cIoudIess summer day with Iow wind speeds
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aro -- vith DAAA

WMM@WM@WWW
at ground-level and literature data is reported for SPC (Bialek et al., 2014) and Ispra
{Adam-et-al{2612)Asprais-(Adam et al),[2012; located at 45°49’' N, 8°38' E at 209 m a.s.l.
approximately 60 km north of Milanat-thenorth-end-of-the—Po—Valtey). In both locations
measurements were carried out with HTDMAs. To compare our case study with these
previous results only data recorded in the fully developed ML is chosen, where vertical
12:00 and 17:00 LT%WWM&MM—

Mmmwwﬂ mean « values in
SPC, shown in Fig. [Bfattinte-the-rather, fall into a very narrow range between 6-18-and-6-28;
WWM&Wmethod and dry sizes. The value of
x.in Ispra is somewhat higher but still commensurable with the SPC results. These medium-
low ~ values W@y&%@m&%@orgamc
fractions of 50-% or larger (see e.g. Fig. [#}- y 6). The temporal variability is
small %HM%MMWWNmCIUdeS all data
points within £+SB-£15D of the mean values. This-means-that-a—We conclude that a x
value of ~ 0.22 is a -good approximation for the aerosol hygroscopic properties in the fully
developed ML in the Po Valley in summertime. Such-approximations—can-for-example-be
useful-A value of xk = 0.22 should be used when estimating the cloud condensation nuclei
activity at-times-or-sites-without-coneurrent-in_absence of hygroscopicity or composition
measurements. A-closertook-inte-the-spatial-patiern—reveals-Note, that the summertime
aerosol at Ispraand-MTG-, at the northern edge of the Po Valley, seems to be slightly more
hygroscoplc than in the SPC area.
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4.2 Netherlands campaign

Here we present the findings of a Zeppelin flight on 24 May 2012 near the CESAR ground
station in the Netherlands (Fig. 21). We performed a set of height profiles between approx-
imately 11:00 and 14:00 LT, including longer legs at the following fer-four altitudes: ~ 100,
300, 500 and 700 m AGL. The first height profile (NHP1) was performed from ~ 11:30-
12:45LT and the second height profile (NHP2) from ~ 12:45-13:50 LT. The wind direc-
tion was predominately from north-east and the wind speed on average between ~ 3 and
~ 4.5ms~1. Therefore, the probed airmasses-were-most-probably-air masses were most
likely originating from the continent ancHikety-with some local/regional influence due to low
wind speeds. Figure 2@ displays the time series of the flight altitude, estimated mixing layer
height, refative-humidity-RH and potential temperature (©). During the whole flight relatively
high RH dominated (40-80 %). The pattern of © reveals a vertical layering during the-first
preﬁleNHP1 showmg a clear d|fference at ~ 700 m AGL compared to the lower altitudes.

v P IL‘LSAL%)LQQDQ
is con3|stent W|th the estlmated is_consistent with the estimated mixing Iayer helght i&eap%ufe%bfda{&eaeuﬁ%ed#em
a-Ceilometer. This-indicates-that-indeed-inferred from the ceilometer data (grey shading
in Fig. [9), indicating that we managed to fly above the new ML during thefirst-profile
Wat 700m AGL. However, since the change in © and the vertical distance to the
Mi-estimated mixing layer height are rather small, it is not clear whether the RL or the en-
trainment zone between the new ML and the RL were probed. the-second-profite-A similar

but less pronounced vertical structure in © can also be seen during NHP2 at 700 was-mest
tikety-tr-m AGL. Again, most likely the threshold range between the new ML, entrainment
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zone and RL were probed at this altitude. In contrast to the flights in ltaly, the enes-flights
in the Netherlands started later in the day and therefore the ML had more time to develop.
This is one reason why most measurements during this flight were within the new ML while
none of them was for certain in the RL.

4.2.1 Hygroscopicity —and—mixing——state——inferred—from——WHOPS
measurementsChemical composition

Zeppelin flight due to an mstrument failure. At the Cabauw ground site an HR-ToF- AMS
and MAAP were successfully deplo ed to measure the com osition of PM;. A mean
PM; concentration of 156

te#uﬂy«deveiepe&ME?he%aeHhaHheﬂszﬁeasufefﬁeﬁ%ﬂ%#%ugm 3%@@@%@@
urm NHP1, which decreased to 12+s—aise%mﬂﬁ+aHe—al+eH%er&mdfeates—eﬁheHhaHhe

erF—veﬂJore‘s—be’fwleelﬂ‘rJr84fwﬂ'-reI—14-‘v>€’>—<’:vt~F’rHugm‘3 W&M@W
is_consistent with the findings from © and the ceilometer indicating that the mixing layer
was almost fully developed already during NHP1. Likewise, the composition also varied
only little in time. Organic matter was the dominant mass fraction describing 47 and 51 =%
of the aerosol, during NHP1 and NHP2, respectively. During both profiles nitrate constituted
the second most abundant fraction accounting for 24 and 17 95%, while sulphate made up
10 and 13 % were-measured;-whichcerrespends-to-and eBC 7 and 9 % of the total mass,
during NHP1 and NHP2, respectively.
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4.2.2 Hygroscopicity results and mixing state

The airborne hygroscopicity results from the WHOPS instrument are presented as

fwhtehﬂs—hygreseeele Fig. . All three figures show little variability of the aerosol
hygroscopic properties with altitude. This is expected given the previously discussed
layering of the PBL, which indicates that mainly the fully developed ML was probed.

Small changes in aerosol hygroscopicity are also in agreement with almost constant
chemical composition at the ground site (Fi . Furthermore, composition-hygroscopicit

closure is achieved i.e. the composition derived s (s = 0.28 +0.06) agrees well with

should be taken W|th some care, as for exam Ie sea salt can otentlall Ia a role in the
Cabauw area, which w

M%mm
that the sea salt influence was likely low during the flight presented in this study.

The appearance of particles with GF(95%) across the whole range from around 0.9 to
MGF PDFs for a dry partlcle diameter of 500 nmavetagedﬁfeeeaeh—alﬁtudeﬂfe

MWWWWMWMEM%M%

externally mixed (Fig. |11). In order to further investigate the time evolution of the mixing
state, the GF PDFs were spllt into three hygroscop|0|ty classes —&Hd—%h&ﬁ@t‘t‘@%pﬁﬂdmg

eheseﬁee e uwalent to the ranges chosen for the fllght eatatremHItatyeehewmeth—BN

37

1odeJ uoISSNOSI(]

1odeJ uoISSNOSI(T

todeq uorssnosyq | Jedeg uoissnosiq |



20

25

the Po Valley). The @ y mi i whole flight with very
number-fractions-in-each-hygroscopicity-class-at-any-time-and-altitude—The-dominant frac-
tion of particles was more hygroscopic (GF > 1.5) making up 82 % (72—-89 %) of the par-
ticles, while 12% (7—18 %) were non-hygroscopic (GF < 1. 1) and only 6% (1-9 %) of the
particles fell into the range 1.1 < GF < 1.5 -As-many-as-1+2(Fig.[T12). The number fraction of
non-hygroscopic particles erﬂevefageﬂ&ﬂespﬁe%emgﬁ%bobserved in Cabauw was about
half of the correspondlng fraction ebsefvedm he Po VaIIey«mgheHhaﬁexpeeted#e%emla}

bein onI half it was still larger than expected as no evidence for Saharan dust influence
y/vgvsvt)k)ser\/emwwvwvwrlvgggvt@ggto the Po VaIIey Weﬂeﬂqe%haveaﬁyewdeﬁeeﬂ#speemeﬂﬁﬂueﬂee

eeﬂ%ﬁbu%eﬁe%}&ﬁeﬁ%ygfeseeprc—pameles—akﬂa—%%wHowever we do not have
any supporting data to cerroberate-or-discard-this-speculation

aoathWw

W%m%m%%ﬁbiﬂgﬂﬁ%ﬂ%mam

whether other candidates such as biological material, tar balls or BC containing particles
contributed to the non-hygroscopic fraction (see also Sect. . The variability of aerosol

hygroscopicity with altitude was found to be small but consistently decreasin from GF 95%
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deteeted~by+heAMS~HeweveHHhe~HexPseeﬂereﬁheW%haP igure shows that

this trend applies for every flight altitude change after ~12:15LT. One possible explanation
for this could be temperature dependent partitioning of ammonium nitrate (which is

strongly hygroscopic; see Table[1). Morgan et al. (2010a) previously reported an increasing

%memwggm AGL.

In_summary, the sea—salt-influence—waslikelytow—during—theflight-presented—in-this
studyconvective mixing within the fully developed ML leads to almost constant aerosol
information about the aerosol properties for the well-mixed part of the column aloft.

4.2.3 Comparison of hygroscoepicity results-with-to previous campaigns

Airborne hygroscopicity measurements from-a-with the WHOPS from a different Zeppelin

flight in-on 22 May 2012 close to Cabauw have previously been reported in {?)-as-afirst
example-of-airborne—operation—of the- WHOPSRosati et al| (2015a). This flight was char-
acterized by sampling two distinct air mass types with and without substantial influence
of sea salt aerosol. Figure ??-provides—a—comparison-of-theresultsfrom{2)-with-those
of-this-study—The-general-features-of-the-three {14l illustrates a GF-PDF comparison from
results from 22 and 24 May 2012 (Rosati et al.,[2015a). Generally speaking, the GF-PDFs
are comparable—al-featuring—a—similar in that all feature a minor peak at GF~1 and a
-dominantbroad-mode-peaking-dominant peak in the range GF = 1.9-2.5. A clear increase
of particles with GF > 2.5 was observed by{?)-forthe-airmass-on May 22 for the air mass
with sea salt (SS) influence, as opposed to the airmass-air mass without sea salt (non-SS)
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influence. The results ef-this-study-more-closelyresemble-the-latterairmassfrom this flight

on 24 May 2012 resemble more closely the non-SS case, thus indicating that this flight was
not substantlally influenced by sea salt

Zleger et aI 2011 resented h rosco icit data for the Cabauw reglon ﬁa—eemeaﬁseﬁ

ﬁheﬂmeee#da*y@n 2009 achleved by a humldlfled ne heIometer “Wet- Ne h” and
an HTDMA. From this campaign we selected two representative dates for SS (8 Jul

2009) and non-SS (14 July 2009 conditions. In order to ensure comparability only data

between 12:00 and 17:00 LT is—assumed-to—berepresentative—of-the—fully developed
MH—¥eﬁreaFgFad+em&e{—aefeeeJ~pfepefﬁes—a%e~m1ﬁ1maF re included as the were all

ehewe—fer%%—an&neﬁ-ss—mﬂueﬁee%ﬁ ure resents mean s values determined

with different methods on different days, all in the Cabauw region in the fully developed
ML. The literature data in Fig. EQI{I3 clearly show that the aerosol at Cabauw is more hy-

groscopic under the influence of sea salt aerosol, with mean « values between 0.33 and

0.5. The spread-variability between the three methods (WHOPS, Wet-Neph and HTDMA
is partially related to the increasing sea salt fraction with increasing particle size ;-as-shewn

by-Ziegeretal{2011)(Zieger et al.,[2011). For conditions without SS influence, literature

reports lower x values between 0.23 and 0.31, which matches the results of this study
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well. Thus, the flight of this study can be considered to be representative of the ML in the
Cabauw area when airmasses-air masses without substantial SS influence prevail. ¥hen
The « values from-the-everviewpresented-in Fig. 22-are-{T5 can be used as estimates
for aerosol hygroscopicity at the Cabauw site for-times-whenno-direct-er-indireet-when no
hygroscopicity measurement is available;-then-the-. The uncertainty of the estimate can be
reduced by distinguishing between air masses with and without SS influenceif-pessible.

5 Conclusions

Thenighttime-and-the-morning-During morning hours, the PBL is often separated in-tayers
mwhmh contain partlcles of different age and chemical hlstory Vemeal—preﬂles

MWWWWMMMMMM
in the Po Valleyin-taly,near-the-ground-station-of-San-Pietro-Capotiume(SPG)-, ltaly, and
in the Netherlands close to Cabauw--

. permitting to investigate the evolving layers inside the PBL with regard to the aerosol
data set was further combined with concurrent ground-based measurements to get a more
complete picture of the particles’ properties throughout the flights. During the flight on 20
-June 2012 elose-to-SPCdifferenttayers-in the Po Valley, different layers in the PBL could
be explored: the residual layer (RL), the new mixed layer (ML) and the Mi—when-it-was
futty-devetoped-fully developed ML. Major differences in chemical composition and hygro-
scopicity were found in the first hours of the day when the new ML enirains-entrained air
from the nocturnal boundary layer. During this time ritrate-concentrations-amount-to-P M
nitrate concentrations represent 20 % of the total aerosol mass leading to hygroscopicity
parameters (k) of 6-34-and-6-270.34 +0.12 and 0.26 4+ 0.06 measured by the WHOPS (at
Dgry = 500nm) and retrieved from the P)/; chemical composition, respectively. This ni-
trate peak can be explained by the accumulation of nitrate species during the night which
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are-ditutectdecreases during the day by partitioning to the gas-phase and dilution in the new
MLduring-the-day. ~ values in the RL and fully developed ML are comparable for the phys-
ical and chemical analysis approach —Both-measurements—yieldlower-values-compared
te-the—new-Mt—areund-0-19Buring-thetast-flight -hours—enly-theyielding lower values

around 0.19. The fully developed MLeould-be-probee-where-, which was probed during the
last flight hours, showed no characteristic altitude dependencewas—found—Ground-based

. Ground-based observations compare well to low-altitude, airborne results—Fherefore;

éuﬂ%%%&%ﬂ%ﬁﬂﬂﬁﬁ%ﬂ%ﬁ%&m
r values early in the morning compared to later in the day. This underlines the problematic
estimation of altitude specific data from surface measurements during the development of
the ML, which could not take into_account different aerosol particle properties in the RL.
In contrast, ground-based data can yield reasonable results for the fully developed ML.
The mixing state of the aerosols was investigated using the WHOPS, revealing an ex-
ternal mixture over the whole day at all altitudes. The major fraction (67 %) experienced
GF@VSV‘ZQ) > 1.5, while 22% were non- hygroscoplc GF@VSV%;) <1. 1 There-isevidence-that

aaes%mepe&@swvh@#earHa&expl&me&by%hﬁaekﬂ%mM onIy the

fully developed ML or the entrainment zone between ML and RL were sampled. Therefore,
air masses did not feature altitude dependent aerosol properties. The hygroscopic fraction
(GF(95%) > 1.5) was more pronounced than in the Po Valley amounting to 82% of the
total aerosol. Again an externally mixed aerosol was found, where 12% of the particles

showed GF(@Q‘ZO) <1. 1whe1°rexpesed%e~h+gh~F}H The mean k vatue-found-by-the WHOPS
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ground-based chemical composition data are very similar amounting to 0.28 +0.10 and
0.28 +0.06, respectively.

Gomparing-the-two-different sites-it seems-When comparing results from Italy and the
Netherlands it appears that the non-hygroscopic aerosol fraction (GF(95%) < 1.1) ptays
a-more-tmportant-rote-is_ more dominant in the Po Valley, which could be explained by
enhanced Saharan dust intrusions which affectthe-bigger size-range-Hysptit-are more likely
to occur in Italy. HYSPLIT calculations support this hypothesis observing dust intrusions
even in the lowest layer of 100 m AGL on this specific flight day. On the other hand, the
fraction of particles with GF(95%) > 1.5 in the fully developed ML is considerably higher in
Gabauw-compared-to-the-Po-Valley-

the Netherlands. Overall chemical composition measurements feature the organics frac-
tion as the most dominant one both in Italy and the Netherlands, describing approximately
50 % of the total aerosol mass. :Fhee#eeHveFmdeaeeHe#aeﬂeﬁreaehedﬂfwue%e%%ﬂﬁd

The Supplement related to this article is available online at
doi:10.5194/acpd-0-1-2016-supplement.
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Table 1. s values and densities for pure compounds used for the prediction of aerosol hygroscopicity

based on AMS and Aethalometer or MAAP measurements.

Compound  Density p [kg m—3]

K (95 %, 500 nm)

(NH4)2S04
NH4HSO,
H,SO4
NH;NO;
eBC
organics

1769
1780
1830
1720
2000
1233*

0.458
0.575
0.687
0.629
0.000

* Mean value retrieved throughout the campaign with the [Kuwata et al.

(2012) parametrization.

** Estimated from the measured O:C ratio according to|Duplissy et al.

(2077). See also Sect.[g
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Table 2. Mean GF(95%) and « values for IHP1/2 and tHP4IHP5/5/6 with respective accuracies. kchem
is the calculated « using the AMS and Aaethalometermeasurements on board of the Zeppelin NT or
AMS/MAAP combination at the SPG ground station. Besides, results for two different altitudes and
the corresponding layers probed are mentioned. Additionally, the size at which the measurements
are performed is stated.

Zeppelin
WHOPS AMS + Aethalometer
Altitude Layer GF(95 %) KWHOPS Kchem
Size 500 nm 500 nm PM;
IHP1/2 100m new ML 1.88(£0.19) 0.34(+0.12) 0:270.26(40.06)
700m RL 1.61(%0.16) 0.19(£0.07) 6:210.22(+0.05)
HP4/5/6  100m  fully developed ML 1:481.49(+0.15) 0.14(=+0.06) 0.19(+0.04)
700m  fully developed ML +:65(+0:17)1.63(+0.16) 6:2+0.20(+0.08) 6-190.20(+0.04)
Ground Stations San Pietro Capofiume Mente-Gimone
HTDMA HTDMA AMS + MAAP HFBMA-
tonem GF (95 %) KHTDMA © RATDMA Fahom.
Size PMr 200 nm 2306200 nm
PM;
IHP1/2 new ML 0:3H=+-0-08)1.61(+0.22 0.19(+0.04) = 0.31(+0.08
RL 0.23(+0.05)*
1HP4/5/6 fully developed ML 6-24{+0-061.60(+0.21 0.18(+0.04) =~  6:25(+0-05Y-0.21(4+0.06

* HTDMA uncertainty calculated assuming +2 % accuracy in the RH measurement.
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Table 3. Mean GF and « values for NHP1/2 with respective accuracies are presented. For the
WHOPS measurements at four different altitudes are shown. xqnem is calculated from the Cabauw
ground site combining AMS and MAAP results.

TodeJ UOISSNOSI(]

Zeppelin
WHOPS
Altitude GF(95 %) KWHOPS
Size 500 nm 500 nm
NHP1/2  100m 1.84(+0.18)  0.25(%0.09)
300 m 1.91(4£0.19)  0.28(%0.10)
500m 1.92(4+0.19)  0.29(£0.10)
700 m 1.93(+0.19)  0.29(+0.10)
Ground Station Cabauw
AMS + MAAP
Rchem
Size PM;
NHP1/2 0.28(+£0.06)
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Figure 1. Map showing the different measurement sites in Europe: Cabauw located in the Nether-

lands (red dot) and San Pietro Capofiume (green dot) and-Moente-Cimone{blue-dot-located in the
Po Valley in ltaly.
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sites-:Overview of the flight on 20 June 2012 near San Pietro Capoflume ground station (Po Val-
ley, Italy). In black the flight altitude and in gray-grey the estimated mixing layer height, determined
from ceilometer — Lidar measurements, are presented. The red and blue lines show the poten-
tial temperature © and RH proflles respectlvely ifme—seﬁe&et%—valees—efﬁheee—ttuﬂe%%m

mmemﬁwln addltlon the trmes—fe%dlfferent height roflles IHP1/2 IHPSaHGreL IHP4 M@/&B
are indicated. i
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Figure 3. GF-PDFs during 20 June 2012 in ltaly: profile IHP1/2 was flown between 08:30 and
10:00 LT and tHP4IHP5/5/6 between ~12:00-30 and 14:00 LT; the blue area displays the GF-PDFs
for a selected dry diameter of 500 nm. (a and b) illustrate the results at approximately 100 m AGL
and (c and d) for approximately 700 m AGL.
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Figure 4. Time series of the mixing state of the aerosol particles (with Dy, = 500nm) for the height
profiles in Italy on 20 June 2012. Particles are classified into three hygroscopicity categories accord-
ing to their GF: GF < 1.1, 1.1 <GF < 1.5, GF > 1.5, in blue, light blue and pink respectively; these
are equivalent to x < 0. 02 0.02 < k < 0.13 and k > 0.13. The black, dashed line denotes the flight

altitudeand-the-grayrectangle-itustrates-the-time-of therefuetbreak. The eelored-labelled, coloured

areas refer to the layer which was probed at that-the certain altitude.
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Figure 5. GF-PDF comparison between WHOPS (at 100m AGL) and HTDMA subdivided—for

different-layersin the Po Valley on 20 June 2012. The WHOPS results were averaged from 8:30
- 10:00LT for the new mixed-tayer,—theresiduatHtayer-ML and 12:30 - 14:00LT for the fully de-
veloped mixee-ML, equivalent to results in Fig. and b. The HTDMA data was averaged over
the same time interval which corresponds to the mean over 3 full measurements per layer. Note
in [Rosati et al.| (20154). Thus, no information is available from the WHOPS measurements on the

number fraction and properties of the 300 nm particles with GF < 1.5.
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100 m 11% 8%<1%
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Ground 1% 0
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€) RL; Drmass=15 pg/m?3 f) fully developed ML; @pass=13 ng /md
700 m 8%< 104 [ organics 11%
Above 9% [ [NeY =1 /§0/
Ground B so. 0
EINH
21% Ch|4
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Figure 6. PM; chemical composition results from the flight on 20 June 2012 in ltaly. (a and b) show
the mass fractions measured by the HR-ToF-AMS and MAAP at San Pietro Capofiume ground

station; (a) was recorded during IHP1/2 whereas (b) was measured during IHP5/6. (c—f) depict the
mass fractions measured by the HR-ToF-AMS and aethalometer on the Zeppelin. (¢ and e) illustrate

the results for the first height profiles, (c) at 100 and (e) at 700 m AGL, while (d and f) show the
resuls for IHP5/6 for 100 and 700 m AGL, respectively.
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Figure 7. Time series of x values on 20 June 2012 in ltaly. Results from chemical composition

Kchems Violet diamonds), and WHOPS for a dry selected diameter of 500 nm (kwhops; blue points)

are shown. The shaded areas depict the measurement accuracy. The dashed line shows the flight
altitude. In addition, the times for IHP1/2, IHP3, IHP4 and IHP5/6 are indicated. The coloured areas

refer to the layer which was probed at a certain altitude and time.
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Figure 8. intercomparisenInter-comparison of mean « values measured in-during this study at
differentlocations-in the Po Valley on 20 June 2012 (blue bars) compared with literature data from

this area (red bars). « values are either derived from measured hygroscopic growth factors or chemi-
cal composition. Only results for the fully developed ML, when vertical gradients of aerosol properties
are minimal, are included in the averages. This ensures comparability between the measurements
taken at different altitudes. The error bars indicate the temporal variability of the observed « values
(1 SD).
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Figure 9. Overview of the flight on 24 May 2012 near the Cabauw CESAR station in the Netherlands.
In black the flight altitude and in gray-grey the estimated mixing layer height, inferred from Ceitermeter
ceilometer measurements, are presented. The red and blue lines show the potential temperature ©

and RH profiles, respectively. In addition, the different height profiles NHP1 and NHP2 are indicated.
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NETHERLANDS
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Figure 10. Fime-series—Ground measurements of «—values—retrieved—during—the flight-aerosol
particle_chemical composition at the Cabauw tower during NHP1 and NHP2 on 24 May 2012.
WHOPS-HR-ToF-AMS and MAAP results fora-dry-diameterof-560-are presented—The-measurement
aectracy-is-—shown-as-combined for the shaded-areatotal aerosol mass. AdditionattyAlso, the flight
MW%LMW%W&QHQW
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Figure 11. GF-PDFs recorded at-near Cabauw on 24 May 2012 at four different altitudes: approx-
imately 100, 300, 500 and 700 m AGL seen in panels (a—d), respectively. Every curve is the mean
over the two flown profiles NHP1 and NHP2.
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Figure 12. Time evolution of the mixing state of the aerosol particles (with Dy, = 500nm) for the ?
height profiles at-near Cabauw on 24 May 2012. Particles are classified into three hygroscopicity 2
categories according to their GF (equally defined as for Fig.[@#): GF < 1.1, 1.1 <GF < 1.5, GF > 1.5, z.
in blue, light blue and pink respectively; these correspond to x < 0.02,0.02 < k < 0.13 and x > 0.13. ;
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Figure 13. Ground-meastrements-Time series of the-aerosot-particle-chemicat-composition-at-the
Cabauw-tower—r _values retrieved during NHP+-ane-NHP2-the flight on 24 May 2012. AMS-and
MAAP-WHOPS results are-combinee-for a dry diameter of 500 nm are presented. The measurement

accuracy is shown as the tetat-aeroset-massshaded area. AtseAdditionally, the averaged—mass

concentrations-during-the-profile-periods-are-statedflight altitude is indicated.
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Figure 14. Comparison of GF-PDFs of-partietes—with—Pg—500nm-—recorded with the Zeppelin
metm’feaLWHOPS dtrﬁﬁg%lgh%%afeuﬁd%abatwon board of the Zeppelin for two dn‘ferent fli t

ocated close to Cabauw and results are representative for particles W|th Dy = 500 nm.
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Figure 15. iniereomparison—Inter-comparison of mean « values and their temporal variability
measured on board of the Zeppelin NT (light blue bar) and at the ground (dark blue bar) dur-
ing the PEGASOS campaign on 24 May 2012 in the Netherlands. Additionally, results from two
separate campaigns reported in the literature are shown (red bars). For the flight described in
2{Rosati et al|(2015a) two different-separate bars are presented dividing results in sea salt (SS)
and non-sea salt (non-SS) influenced periods. In the same way results from Zieger et al| (2017) are
split in SS and non-SS periods for measurements performed with two different techniques.
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Supplementary Material:

Effective indices of refraction during the PEGASOS study:

600 . : : . .
I, ; mean=1.43+0.02
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Figure S1. Histogram of the temporal variability of the dry effective indices of refraction (m),
observed during the flights on 20 June 2012 in the Po Valley, Italy, (m, dark red bars) and 24 May
2012 close to Cabauw, Netherlands, (mn., violet bars). Only the results for size-selected particles with
a dry mobility diameter of 500 nm are presented. On average, effective indices of refraction of 1.43 +
0.02 (mean * SD) and 1.42 + 0.02 were found in Italy and the Netherlands, respectively. However, an
absolute uncertainty of + 0.04 has to be attributed to all index of refraction retrievals (see Rosati et
al., 2015a).



Meteorological parameters measured during the flight on 20 June 2012 in the Po Valley, Italy:

Supplement Table 1. Mean potential temperature (©) and relative humidity (RH) during IHP1/2 and
IHP5/6 with respective standard deviations representing the temporal variability. Results are
presented for two different altitudes, 100 m and 700 m AGL. Measurements of the temperature
(Pt100-Sensor; OMEGA; 15s time respond), RH (HMP45-Sensor; Vaisala; 15s time respond), height
above ground, wind-speed and direction (all three retrieved by measurement of the pressure using
sensors #239 and #270; Setra) were continuously recorded on board the airship. All of these
measurements were logged with a 100 Hz frequency and finally averaged over 10 data points.

Profile Altitude Layer Zeppelin Zeppelin
e [C] RH [%]
IHP1/2 100 m New ML 26.0 (+0.6) 60.1(+2.0)
700 m RL 33.0(#0.9) 39.4 (+3.1)
IHP5/6 100 m Fully developed ML 33.4(+0.6) 31.5(+3.1)
700 m Fully developed ML 33.6 (+0.5) 36.5(+4.2)
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Figure S2: Height profiles of the potential temperature (©) measured aboard the Zeppelin NT during
the flight on 20 June 2012, in Italy. Each color represents the descents of height profiles 1-6 (IHP1-6),
respectively. The horizontal lines depict the estimated mixed layer height (MLH) from the ceilometer
retrieval during the six height profiles. A clear vertical structure of @ is visible for the first two
profiles, while the last four show very little or no altitude dependence at all. This indicates that the
sub-layers in the PBL where still separated at the beginning of the flight and that a fully mixed layer
was probed at the end. The estimated MLH retrieved from the ceilometer shows comparable results
with a low MLH of approximately 350 m above ground in the morning that evolves to over 800 m
above ground later during the day.



