
Reply to the referee’s comments

We thank the referee for the useful comments, which helped us to improve the quality of our manuscript.

In the following, the referees’ comments are given in black.

Our point-to-point replies are marked by “R” and are in blue.

Changes to the manuscript text are in green.

Comments by referee #1

The paper investigates the evolution of the planetary boundary layer (PBL) and associated aerosol concentra-
tions for a field campaign and two case studies in winter 2018 in Stuttgart, Germany. The analysis uses a set of
different in situ and remote sensing instruments to observe different characteristics of the PBL simultaneously.
It further uses the PALM-4U model on a high spatial resolution (10m) to demonstrate the ability of such large
eddy simulations to qualitatively reproduce the measured results. The study is in general well written and
provide a meaningful contribution to the knowledge of inner-city PBL evolution and air quality. Two aspects
are my main concern. Firstly, it is not clear from the introduction to what extend the current publications
differs from other investigations. E.g., the authors refer multiple times to Huang et al. (2019) but do not show
the uniqueness of their own work. Secondly, the use of the PALM-4U model in this investigation is rather weak.
There is a lot potential to use the model and validated conclusions made during the results section. It is rather
added to this publication to show the overall agreement of the model with observations. I am certain that there
are multiple publications that evaluate the PALM4U model. Thus, I do not understand to what extent this
paper differs from these previous investigations. I recommend the author to carefully revise the manuscript
and consider splitting it into two publications or extending the model evaluation to be more connected to the
analysis made in the results section. Further details are given below.

R: Thank you for your comments. This manuscript firstly investigates the boundary layer dynamics and
associated aerosol concentrations as well as chemical compositions employing remote sensing, in-situ measure-
ment as well as high-resolution model simulation, whereas most of previous publications used one or two of this
methods (Kim & Kwon 2019, Zhang et al. 2020, Neff et al. 2008, Hennemuth & Lammert 2006, Froidevaux
et al. 2013). This comprehensive datasets would contribute additional insights by focusing on the validation of
boundary layer dynamics and aerosol mixing as well as transformation processes within the boundary layer.

We agree that the current utilization of the model is somewhat limited. Our initial aim was the validation
of PALM-4U in simulating aerosol distributions in a complex basin-like urban area. This manuscript not only
validated the boundary layer vertical mixing process but also aerosol spatial distributions. Furthermore, there
is substantial potential of the PALM-4U model for deeper analysis and validation of our findings (e.g. The
impact of clouds on boundary layer evolution and further on aerosol mixing and transformation processes). In
future work, we plan to conduct more detailed comparison with model data based on better regional input, high
resolution emission data as well as a more complete description of the physical and chemical transformation
processes. Nonetheless, we think it is useful to demonstrate the actual model capabilities in comparison with
this excellent observational data since there are on very few PALM-4U applications with aerosols so far.

To our best knowledge, this manuscript firstly used above comprehensive datasets to demonstrate boundary
layer dynamics as well as aerosol mixing and transformation processes.

Also, we acknowledge that the current utilization of the model is somewhat limited and we are aware of the
substantial potential of the PALM-4U model for a more detailed comparison with our comprehensive observa-
tions. For instance, we plan to conduct sensitivity tests on the impact of clouds on boundary layer evolution,
on the aerosol mixing processes as well as aerosol physical and chemical transformation processes. Finally,
in an upcoming study we aim to present more details of the model simulations in the context of different
dynamic processes. Nonetheless, we think it is useful to demonstrate the actual model capabilities in compari-
son with this excellent observational data since there are on very few PALM-4U applications with aerosols so far.



General comments:

1. The title suggests that the aerosol composition is investigated in the paper. However, the abstract does not
account for this investigation. Please add this investigation to the abstract. Further, the abstract is short of
quantitative results which can be of interest for other researchers.

R: Thank you for your comments. We have modify the abstract accordingly as following (the change was
highlighted in bold):

Aerosol distributions are of great relevance for air quality especially for cities like Stuttgart with limited
air exchange due to its location in a basin. We collected a comprehensive set of data from remote sensing,
in-situ methods including radiosondes for the urban background of downtown Stuttgart to determine the im-
pact of boundary layer mixing processes on local air quality and to evaluate the simulation results of the
high-resolution large eddy simulation (LES) model PALM-4U at 10 m grid spacing. Stagnant
meteorological conditions caused accumulation of aerosols and chemical composition analysis shows that am-
monium nitrate (37% � 9%) and organic aerosol (OA, 34% � 9%) dominated during this winter
study. Case studies show that clouds during previous nights can weaken temperature inversion and accelerate
boundary layer mixing after sunrise by up to 3 hours. This is important for ground-level aerosol dilution
during morning rush hours. Furthermore, our observations validate results of the LES model PALM-4U in
terms of boundary layer heights and aerosol mixing for 48 hours. The simulated aerosol concentrations follow
the trend of our observations but are still underestimated by a factor of 4.5 � 2.1 due to missing secondary
aerosol formation processes, uncertainties of emissions and boundary conditions in the model. This paper firstly
evaluates the PALM-4U model performance in simulating aerosol spatio-temporal distributions, which can help
to improve the LES model and to better understand sources and sinks for air pollution as well as the role of
horizontal and vertical transport.

2. Please provide a definition of “urban background in downtown Stuttgart”; As you mentioned in the text, the
area of investigation in in-between a highly used road and the tracks heading to the main station. This does
not sound like a “background” location.

R: ”Urban background” refers to a location within a city that is representative of typical urban conditions
but is not directly influenced by specific, high-intensity sources of pollution, such as major roads or industrial
sites. Our measurements were done in a park area in downtown Stuttgart with sufficient distance to heavy
traffic or other substantial air pollution sources. There were no significant emissions from the electric train
tacks nearby. Therefore, we can classify this indeed as an urban background site in a downtown area. We added
the following sentences to the text.

Our measurements were done in a park area in downtown Stuttgart with sufficient distance to heavy traffic
or other substantial air pollution sources. There were no significant emissions from the electric train tacks
nearby. Therefore, we can classify this indeed as an urban background site in a downtown area.

3.In many instances the paper refers to Huang et al. (2019). In the introduction there should be a paragraph
that explains the differences to this study and how the current study complements the one by Huang et al.

R: Huang et al. (2019) has reported the organic aerosol chemical composition and volatility for both winter
and summer based data collected from the high-resolution time-of-flight aerosol mass spectrometer (HR-ToF-
AMS) and filters samples analyzed by FIGAERO-CIMS. Their work provided insights into the seasonal variation
of the molecular composition and volatility of ambient organic aerosol particles and into their potential sources.
However, our work is more focused on the boundary layer evolution and associated aerosol spatial distribution
within the boundary layer based on the comparison of the comprehensive dataset from remote sensing, in-situ
measurements and model simulation.

Huang et al. (2019) has reported the organic aerosol chemical composition and volatility for both winter
and summer, which provided insights into the seasonal variation of the molecular composition and volatility of
ambient OA particles and into their potential sources. However, this work is more focused on the boundary
layer evolution and associated aerosol spatial distribution within the boundary layer based on the comparison
of the comprehensive dataset from remote sensing, in-situ measurements and model simulation.

4. In the results section, the use of Figures is confusing and not consistent. I recommend to revise the paper
and consider re-arranging the argumentation such that jumping back and forth between Figures will be avoided.

R: We have re-arranged the argumentation and changed the figure positions accordingly to allow for a better
flow. For example, we have moved the position of Figure 9 back by one page after to better fit the content.
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5. The PALM-4U model plays a minor role in the analysis and does not contribute to the interpretation of the
results. In fact, the observational data are used to validate, in a qualitative way, the PALM-4U simulation.
Given the explanation in lines 461ff. is not sufficient for me. For a real investigation of PBL dynamics, a
more thorough analysis would be required. I recommend to consider splitting the two parts (evaluation of PBL
dynamics and air quality; verification of PALM-4U) to two publications or to use the model simulations to proof
some of the results, e.g., the stability of the PBL in the case studies or regional transport effects. Further, I
do not understand why the boundary conditions for the PALM4U simulations are kept fixed. Please consider
re-running the model with the improved boundary value handling to show also the effect of regional transport,
vertical mixing of the aerosols on the different days etc.

R: We agree that the current utilization of the model is somewhat limited. However, we have performed
many versions of this simulation. Initially, we conducted simulations with cyclic boundary conditions (starting
with constant profiles) and found the results to be sensitive to our initial profiles. We then proceeded with
simulations using boundary conditions from the WRF model, as presented in the manuscript. Please note that
the boundary conditions for the PALM-4U simulations were not fixed but were derived from theWRF simulation.

We have analyzed additional results from the PALM-4U simulation for this case. For example, we have
wind data to examine aerosol transport and vertical thermal profiles to investigate boundary layer conditions.
However, we consider these results to be beyond the scope of this manuscript. Christopher Claus Holst, one
of the co-authors, will continue working on the model results for this case. Despite the limitations, we believe
that the PALM-4U simulation remains valuable for this study, as it provides initial validation of PALM-4U in
predicting aerosol spatial distributions in complex terrain. In an upcoming study we aim to present more details
of the model simulations in the context of different dynamic processes.

More research is needed with more resources to address this in detail. Also, we acknowledge that the current
utilization of the model is somewhat limited and we are aware of the substantial potential of the PALM-4U
model for a more detailed comparison with our comprehensive observations. For instance, we plan to conduct
sensitivity tests on the impact of clouds on boundary layer evolution, on the aerosol mixing processes as well as
aerosol physical and chemical transformation processes. Finally, in an upcoming study we aim to present more
details of the model simulations in the context of different dynamic processes. Nonetheless, we think it is useful
to demonstrate the actual model capabilities in comparison with this excellent observational data since there
are on very few PALM-4U applications with aerosols so far.

Speci�c comments:

1. line 1: Remove “the” in front of “cities”; further, add a comma “,” before “which”

R: We have changed them.

2. line 10: “temporal-spatial” → “spatio-temporal”.

R: We have changed it.

3. line 39: add “the” in front of “boundary layer”.

R: We have added “the” in front of “boundary layer”.

4. line 49: what do you mean by “Most lidars overlap”? Please clarify.

R: The overlap is different from different lidar system, but most of them range from tens of meters to around
one thousand meters. To make it clear, we change this sentence as following:

However, most lidars provide interpretable data at distances from tens of meters to around one thousand
meters, which makes it difficult to get valid measurements near the surface level for most vertically pointing
lidar system.

5. line 54: add “the” in front of “nocturnal boundary layer”

R: We have added “the” in front of “nocturnal boundary layer”.

6. Iline 61: It is not possible to “compare” the PBL. Only characteristics of the PBL (e.g., PBL height) can be
compared. Please clarify.
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R: We have removed this part according to comment 7.

7. line 55 – 64: I feel that this is not directly related to the paper as it focuses on a joint investigation between
observations and LES. As the introduction is already long, I recommend to remove this part.

R: we have removed this part.

8. line 65: I’d refer LES to be a method rather than a model. Please change.

R: We have changed “model” to “method”.

9. line 71: “qualified” does not seem to be the right word. I recommend to use “attribute” instead

R: We have changed “qualified” to “attribute”.

10. line 78: “strong” → “strongly”; further, explain the chemical “eBC” (also for other chemicals on first
appearance)

R: We have changed “strong” to “strongly”. We also added ”equivalent Black Carbon (eBC)”.

11. line 95: Correct the citation “Samad and Vogt” (year is missing)

R: We have changed the format of this citation.

12. line 96: remove “of a city” or “in Stuttgart”

R: We have removed “of a city”.

13. Figure S1: Please exchange “left” and “right” in the caption.

R: We have exchanged “left” and “right” in the caption of Figure S1.

14. line 105: Both, downtown and urban background, is used to describe the area of the field campaign.
Please be more concise on the description. From my experience I’d not refer to Stuttgart Neckertor as urban
background.

R: ”Urban background” refers to a location within a city that is representative of typical urban conditions
but is not directly influenced by specific, high-intensity sources of pollution, such as major roads or industrial
sites. Our measurements were done in a park area in downtown Stuttgart with sufficient distance to heavy
traffic or other substantial air pollution sources. There were no significant emissions from the electric train
tacks nearby. Therefore, we can classify this indeed as an urban background site in a downtown area. We added
the following sentences to the text.

Our measurements were done in a park area in downtown Stuttgart with sufficient distance to heavy traffic
or other substantial air pollution sources. There were no significant emissions from the electric train tacks
nearby. Therefore, we can classify this indeed as an urban background site in a downtown area.

15. Figure 1: Please use only one shading /contour color for the plot. Overlaying two colors makes it hard to
distinguish the two displayed fields. I recommend to remove the temperature from the plot.

R: Thank you for the comment. This figure uses perceptually uniform colormaps (cet): isoluminant color
for temperature and linear brightness for topography. While on printed paper it looks unclear, on screen it is
very readable for most people. The exception is a rare color blindness where red color looks grey. Present-
ing the relationship between local topography height and local temperature distribution is quite challenging
and much effort went into calibrating the exact lightness and transparency of the color overlay and the linear
greyscale for good readability on screen. Thus we choose to not adjust the figure to reduce its shown information.

16. line 123: you state that the valley floor is at approx 300 m but the Rosensteinpark is at 247 m. Please be
more concise and correct the valley floor height.

R: We think this statement is still valid as the valley floor covers a broader area and the Rosensteinpark
is only a point. So we give an approximate number for an average valley altitude but an exact value for the
measurement location at the Rosensteinpark.
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17. line 132: “a LES utilizing PLAM-4U” → I don’t understand this phrase. Please clarify and correct the
spelling of the model PALM-4U.

R: We have changed to “an LES applying PLAM-4U”.

Furthermore, an LES applying PALM-4U (Maronga et al. 2020) was performed to simulate the complex
airflow and resulting aerosol transport in this area.

18. line 150: description of variable “b” is missing. Please add. Also, wf is described as Wf in the text. Please
correct.

R: We have added “b is the translation parameter” and changed “Wf” to “wf”

The dilation a is set to be 75 m in this paper and b is the translation parameter.

19. line 188: please change “retrieved” to “retrieval”.

R: We have changed “retrieved” to “retrieval”

20. line 207: Please indicate the difference between PALM and PALM-4U. Please also consider restructuring
the subsections. I recommend to rename subsection “Large eddy simulation” to “Modelling” or similar and but
sections 2.4 an 2.5 as 2.3.1 and 2.3.2.

R: PALM-4U (Maronga et al. 2020) is a model system that has been developed to simulate a wide range of ur-
ban micro-scale processes. The center of this model system is the large eddy simulation model PALM (Raasch
& Schröter 2001) based on non-hydrostatic, filtered, incompressible Navier-Stokes equations in Boussinesq-
approximated form. We have added this as follows:

PALM-4U (Maronga et al. 2020) is a model system that has been developed to simulate a wide range of
urban micro-scale processes. The center of this model system is the large eddy simulation model PALM (Raasch
& Schröter 2001) based on non-hydrostatic, filtered, incompressible Navier-Stokes equations in Boussinesq-
approximated form.

21. line 216-218: This description of the initial profile that is taken as boundary profile is not clear to me.
Please improve the description. Are you referring to the emission profile or the aerosol vertical profile?

R: For the PALM-4U simulation run, we need the initial boundary conditions and later boundary conditions.
For this simulation, we used aerosol vertical profiles from lidar observations as initial boundary conditions and
WRF output as later boundary conditions. And we also need sources and sinks for aerosol simulation. In this
simulation, the emissions sources of the model were parameterized by street types. To explain this we have
modified the text as follows:

The emissions sources of the PALM-4U model were parameterized by street types (Maronga et al. 2020) and
initial boundary conditions profiles were approximated from observed profile values at simulation initialization
time.

22. Figure 2: Change “Surfate” to “Sulfate” (Fig. 2b); The legend is not readable in Fig. 2e. In the caption,
please correct the height of wind measurements (10m in the text, 2m in the caption).

R: We have modified Figure 2 accordingly. The wind speed was measured at 10 m above ground and we
changed the caption.
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