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Abstract.

This paper presents the data set collected during the Pallas Cloud Experiment (PaCE) campaign, conducted at Pallas, Finland,
between September 15 and September 28, 2022. The data set includes measurements of turbulence in the atmospheric boundary
layer in both cloudy and cloud-free conditions, collected using the Max Planck CloudKite (MPCK) platform, the WinDarts, and
a ground weather station for near surface data. The airborne observations span altitudes from the surface up to 1510 m above
ground level, with flight durations ranging from 1 hour to nearly 6 hours, while the ground weather station provides continuous
measurements throughout the entire campaign. This data set provides high-resolution meteorological measurements to analyse
boundary layer dynamics under different atmospheric conditions encountered during PaCE campaign. This paper describes the

data collection process, the structure of the data set, and guidelines for users.

1 Introduction

The atmospheric boundary layer (ABL) is the lower fraction of the atmosphere in direct contact with the Earth’s surface. Its
depth and structure vary depending on weather conditions, latitude, terrain, and time of day, typically ranging from a few
hundred meters to a couple of kilometres. Understanding the physical processes that govern its dynamics—such as turbulence,
wind shear, convective structures, and entrainment—is crucial for many practical applications, including, fir example, weather
prediction and aviation.

In-situ velocity, temperature, and relative humidity measurements are essential for a thorough understanding of turbulence in
the ABL, as they capture real-world interactions. In particular, temperature and vertical velocity play a key role in understanding
air mass behaviour, turbulence, and vertical motion, which drive atmospheric dynamics. Time series data from different regions

of the ABL provide valuable insights into these processes, improving our understanding of boundary layer properties such as
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depth, stability, and surface interactions. Moreover, such measurements are needed for refining numerical weather models and
climate simulations by better characterizing key processes like heat exchange, vertical mixing, boundary layer evolution, and
convection.

Obtaining in-situ measurements of the ABL remains a significant challenge. The three most widely used techniques, namely
tower-based, instrumented aircraft observations, and radiosondes, each have strengths and limitations. Tower-based measure-
ments offer exceptional spatio-temporal resolution but are limited in altitude. Instrumented aircraft can probe the upper ABL
but struggle to access lower levels, and their high relative speed reduces spatial resolution. Radiosondes provide flexibility
in launch locations and vertical range but are advected by atmospheric currents, preventing them from maintaining a steady
altitude, which is needed to gather enough statistics at a given height.

To address these challenges, the Max Planck WinDarts, developed by the CloudKite team, provide a novel solution. They
are deployed as part of the Max Planck CloudKite (MPCK) platform, which integrates a tethered balloon-kite hybrid (Helikite)
along with complementary ground-based and airborne instruments. They bridge the gap between tower-based and instrumented
aircraft measurements by enabling controlled profiling of the entire ABL under most atmospheric conditions. These instruments
are purpose-built for profiling and characterising the turbulent dynamics of the ABL, offering cutting-edge, in-situ measure-
ments of critical meteorological quantities, including temperature, humidity, wind speed, and pressure. Unlike radiosondes, the
flight strategy of the WinDarts can be actively controlled, allowing for targeted observations and improved vertical profiling of
the ABL.

To complement the measurements obtained with the WinDarts, a ground weather station also recorded continuous mete-
orological quantities. These data serve as a baseline for assessing near-surface conditions and evaluating potential gradients
between the surface and the altitude ranges sampled by the WinDarts. All together, the data set provides high-resolution mea-
surements of meteorological variables, supporting researchers in studying the atmospheric boundary layer and enabling the
characterization of vertical profiles and fluxes across the surface layer, mixed layer, and entrainment zone.

The manuscript focuses on data description and not on scientific analysis, it begins with a brief introduction to the Pallas
Cloud Experiment (PaCE) campaign, conducted in Pallas, Finland, in 2022. We present an overview of the campaign and its
geographic location. Following, we introduce the Max Planck WinDarts, the ground weather station, and the methodology
used during the scientific flights conducted by the CloudKite team. Later, we present a detailed account of the data collected,
focusing on raw and post-processed data sets. Finally, we present the file structure and give some notes on data availability,
usage notes and intended end users.

This study is part of a special issue on the Pallas Cloud Experiment (PaCE), which brought together multiple observational
platforms to investigate ABL processes in a sub-Arctic environment. The data set presented here complements other mea-
surements from the campaign, including remote sensing, UAV observations, and cloud microphysics. For a comprehensive
overview of the campaign, including its objectives, instrumentation, and experimental setup, readers are referred to Brus et al.
(2025). Another set of atmospheric in-situ data measured with the Advanced Max Planck CloudKite Instrument (MPCK™") is

published in Schlenczek et al. (2025) within the same special issue.
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2  Overview of PaCE campaign

The Pallas Cloud Experiment (PaCE) was a field campaign mainly dedicated to conduct semi long-term measurements and
characterise aerosols and clouds in vertical column at high resolution at the Pallas-Sodankyld Global Atmosphere Watch
(GAW) Sammaltunturi station, operated by the Finnish Meteorological Institute (FMI) in northern Finland’s Lapland region
(Doulgeris et al., 2022; Brus et al., 2025; Gratzl et al., 2025).

This initiative involved collaboration among various European scientific institutions, each deploying multiple mobile plat-
forms to gather data on atmospheric properties (Brus et al., 2025). The campaign ran from September 15 to December 15, 2022,
with an intensive period of measurement from September 15 to October 15, employing diverse methods to collect broad data
sets. The Max Planck Institute for Dynamics and Self-Organization (MPI-DS), represented by the CloudKite team deploying
the MPCK platform, operated from September 12 to September 29, 2022, during which a wide range of atmospheric conditions
and phenomena were documented.

Other participating institutions include the Finnish Meteorological Institute, the Swiss Federal Institute of Technology Lau-
sanne, the University of Hertfordshire, the Karlsruhe Institute of Technology, and the Vienna University of Technology.

The measuring site is located at 68.0231° N and 24.1636° E, in Finnish Lapland and the western shoreline of Pallasjirvi
Lake, approximately 280 m above mean sea level (MSL), and 162 km north of the Arctic Circle. The site is well-suited for
in-situ measurements, as it is located within a designated airspace that spans 7 km on each side and extends to an altitude of 2

km. For location details, visit https://en.ilmatieteenlaitos.fi/pallas-atmosphere-ecosystem-supersite.

3 Instrumentation and methodology
3.1 The Max Planck CloudKite (MPCK) platform

The MPCK platform is composed of two tethered helikites (an aerostat with a helium-filled balloon and a kite attached to it)
that combine helium buoyancy with aerodynamic lift from a kite, enabling stable tethered flights with operational heights of up
to 2 km controllable by a winch. In PaCE we used the 250 m? helikite with a 34 m? stacked on top of it to provide extra helium
wind wind lift. During the campaign, two WinDarts (see subsection 3.2) and a ground weather station (see subsection 3.3) were
deployed with the MPCK platform, as illustrated in figure 2, with additional photographs in figure 3 showing a view from the
ground station and figure 1 showing the MPCK platform and the ground weather station. During every flight, two WinDarts
were positioned along the tether of the MPCK platform. Two other instruments were deployed as part of the MPCK’s payload
during some flights: the MPCK™* and the FishBox. The MPCK™ is developed by researchers at the MPI-DS to gain insights into
cloud microphysics and turbulence Stevens et al. (2021) and Schroder (2023). The FishBox, measuring mostly aerosol-related
quantities, is developed by scientists from the Finnish Meteorological Institute.

In this configuration of the MPCK platform, the secondary Helikite was stacked above the primary one to stabilise the tether
and enhance overall buoyancy and payload capacity. This tandem arrangement allowed for a net payload of approximately

~ 100 kg to be lifted to an altitude of 2 km above ground level. The Helikites used in the MPCK platform were the 250 m?® and
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- «—— Ground weather station
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winch

Figure 1. The Max Planck CloudKite (MPCK) platform, and the ground weather station at Pallasjérvi during PaCE 2022.

34 m?3 Desert Star models manufactured by Allsopp Helikites. These models were selected for their ability to align with the
wind and maintain a stable position within 55° from vertical, ensuring functionality across a broad range of wind conditions.
The 250 m? Desert Star Helikite measures approximately 9.3 m in length and width and stands about 10 m tall. Its keel extends
around 9.35 m in length and varies in height between 3.5 - 4.5 m.

The winch controls the length of the main tether through a line guidance system, allowing the flight altitude to be adjusted
by reeling in or out the main tether, enabling flexible flight-height strategies. The wind lift generated by the Helikite sails was
sufficient to reach altitudes at which the WinDarts could sample the mixed layer, the entrainment zone or above it during the

campaign.
3.2 WinDarts

The Max Planck WinDarts are airborne, purpose-built probes designed as part of the MPCK infrastructure to characterise
turbulence in the atmospheric boundary layer (ABL) from ground level up to 2 km above ground level (AGL). Suspended from

the tether of the MPCK platform, they provide high spatio-temporal resolution measurements due to their low true air speed
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Figure 2. Schematic of the tandem or stacked flight of the two WinDarts and the MPCK platform during the PaCE campaign (not to scale).

The winch is anchored to the ground and controls the length of the main tether, which holds the Helikites (250 m® and 34 m®). The WinDarts
are suspended from the main tether via a 5-meter line and a stabiliser. Due to the tail fins, the WinDarts passively align themselves with the

mean wind velocity, U.

of the platform combined. Additionally, their ability to align with the mean wind enables extended in-situ observations of key
turbulent variables for up to 7 hours of continuous measurement, limited only by their battery capacity.

During the campaign, two WinDarts, each weighing approximately 5 kg and measuring 2.5 m in length, were deployed.
The WinDarts, labelled WD1-1 and WD1-2, were attached to an independent line and stabiliser hanging from the tether of
the MPCK, a configuration that minimises both flow distortion caused by the HeliKite and vibrations transmitted through the
tether. This setup ensures the WinDarts remain balanced. Additionally, the WinDarts can passively adjust to the horizontal
mean wind direction, and they are light enough that the MPCK platform provides sufficient lift to reach entrainment altitudes.
The core electronics are housed in waterproof casings to protect against dust, splashes, and water droplets. Figure 4 presents a
CAD rendering of the WinDart.

Each WinDart is equipped with sensors that record time series data for three-dimensional (3D) wind velocity, temperature,
absolute pressure, relative humidity, as well as CO,, volatile organic compounds (VOC) and particle concentration (0.3—40

pm). Each measurement is time-stamped and geographically referenced. Table 1 provides an overview of its measurement
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Figure 3. (Left) The aerostats of the MPCK platform (1, 2) lift a WinDart (5), which is connected to a line (4) and stabiliser, both attached to
the main tether of the MPCK (3). (Right) The ground weather station with its main components: (1) Metek uSonic3 Class A-MP anemometer,
(2) Lufft WS500UMB weather station including pressure, temperature, humidity and 2D wind velocity sensor, (3) Li-Cor LI-7500DS fast
trace gas and humidity sensor, (4) Boltek LD-250 lightning detector, and (5) Campbell Scientific CS110 electric field meter.

devices, including the measured quantities and acquisition frequencies, and figure 4 indicates the location of each sensor. The

design incorporates redundancy for key measurements to enhance data reliability.
3.2.1 Overview of the scientific flights

The first scientific flight with the WinDarts took place on September 18, and the last on September 26. Over the course of

9 days, 11 flights were conducted, with some days featuring more than one flight. An overview of all successful flights is



Discussions

Earth System
Science
Data

[%)]
(0]
@
Q
O
<
c
[}
o
o

Preprint. Discussion started: 13 March 2025

https://doi.org/10.5194/essd-2025-111
(© Author(s) 2025. CC BY 4.0 License.

‘sannuenb Jo ISI] 2mMu? 3} J0J [eNURW YO,

"JIeqUIA\ 9} JO UOTIRIUSWINISU] *T J[RLL

(SSd Jovd STT YPim

aqny Jo3id [SuURYD-IAY WIOTJ

‘(§Sd) ueds a[edg [0 JO %ST0F) 001 99 INAS INAS ¢ OSd
K319072A Juouoduwrod-9a1y J,
S/W 8100+
w 710 > Aoemooe uonisod [eOTIOA
. . I ,PPMISUO[ ‘apmune] ‘opmu[y xord-N SdD d6d-ddZ xoid-N
w 9()'() > AoeIndoe uonisod [BIUOZLIOH
Aypruuny aane[al
pue ‘are ur soponied josoroe
I . . asuaseydry 2dO (IdS) EN-DdO
jusiqure ¢*CJNd PUuB “TINd
‘0TINd JO UONBIUIOUOD SSEIN
DS 18 HY %08 - %0C Uoamloq HY %+
sase3 aoen ‘arnssaid aynjosqe
DoST 1B BdY 001 1-006 U99M19q BdY 9'0F I yosog JNd 889dNd
‘Kpruany oAne[ar ‘arnjeradway,
*D05T 18 AT1e01d4) D06 °0F
HY %08-0¢ 28uer ayy ur [edtdKy HY %CF (uo 1aye0H)
. . 1 UOLIISUSS €1LHS dI€lHS
D006-0 @8ue1 oy} ur D ¢'0F Aypruny dAne[al pue arnjerodwa],
HY %S.~-6¢ d8uer oy ut [eordK) HY %8 TF (Jjo 1o789H)
. . £GI UOUISUag LHS OvLHS
D,09—0 23ue1 oy ur D, 7' 0F Aypruuny 9Ane[al pue armerodwa],
Do0S+ 01 D,07- JO 28ueI 3y} 010 D ['0F €61 amjeradwag, SJUQWINNSU] SBXI], dNL LITdINL
DoST 18 BdY 001 1-00€ UIyIm Bdy S'0F
€61 amssaid 9njosqe ‘arnjerodwa], yosog dNg 06SdIND
DoSTI® DoSOF
uornejuaLio wiojerd
(1910w03ouew) DG 18 39p §TF ‘uoneId[eode AJAeIS ‘ploy
. £CI . . yosog CONd % ION4 S¢S0 ONd
(emyerodway) D F onougew ‘9Jel Je[nSue ‘UONLBIA[AIOE
Teaul| ‘uoneId[adoe ‘dmjeradway,
(zH]
KoeInooe [BUIION Anuen JoImoenue QweN [opow JOSUdS

9je1 uonismboy



https://doi.org/10.5194/essd-2025-111 g Earth System
Preprint. Discussion started: 13 March 2025 ¢ Science
(© Author(s) 2025. CC BY 4.0 License. é D a ta

Lateral view

BNO2

SVM

!

Stabiliser

T Instrument box ’/
BMP, SHT, P o
SHT3, and TMP inlets SVM L ] \

OPC

Frontal view

Stabiliser

BNOI1 & BNO2 —. )
Fins

Instrument box

55 cm

18 cm
OPC

BMP, SHT,

SHT3, and TMP inlets Power On/Off button

Figure 4. Lateral and frontal views of the WinDart, showing its main scientific instruments, body structure, including fins and stabiliser.

8

suoIssnosIq



115

120

125

130

135

140

Earth System
Science

Data

https://doi.org/10.5194/essd-2025-111
Preprint. Discussion started: 13 March 2025
(© Author(s) 2025. CC BY 4.0 License.

Open Access
suoIssnasIqg

presented in table 2. In most flights except for flight 20220925.1335, the WinDart identified as WD1-2 was tethered above
the WinDart labelled WD1-1, resulting in WD1-2 taking off first and landing last. The total duration of deployment across all
flights amounted to almost 3 days and 10 hours, 38 minutes, 10 seconds.

The naming convention is DS.MPWD.b1l.yyyymmdd.hhmm.nc¢, where:

— DS is the institute identifier (Dynamics and Self-Organization).

— MPWD is the instrument identifier (Max Planck WinDarts).

b1 indicates the data file processing level, with quality control (QC) checks applied; missing data points or those with

bad values are set to -9999.9,

yyyymmdd.hhmm is the flight ID

yyyymmdd denotes the file date (UTC) in year, month, day format.

hhmm represents the file start time (UTC) in hours and minutes format.

3.3 Ground weather station

A ground-based weather station was deployed to provide complementary meteorological and atmospheric measurements, of-
fering near-surface context for the WinDarts measurements at altitude and enhancing the overall vertical characterisation of the
atmospheric environment, as well as for determining safe operating conditions for the MPCK platform by monitoring airspace
and lightning risk. The station, with location shown in figure 1, had multiple sensors to monitor wind conditions, atmospheric
properties, airspace activity, and electrical discharges, see figure 3.

Wind measurements were obtained from two independent sensors: a Metek uSonic3 Class A-MP ultrasonic anemometer,
which provided 3D wind velocity measurements at 30 Hz with a minimum detectable wind speed of 0.1 m/s, and a Lufft
WS500UMB weather station, which included a 2D wind sensor along with pressure, temperature, and humidity sensors.
High-frequency humidity and trace gas concentrations were measured using a Li-Cor LI-7500DS, a fast-response infrared
gas analyzer designed for eddy covariance applications. Additionally, airspace monitoring was performed using a pingSta-
tion (uAvionix), which detected aircraft equipped with Mode S or ADS-B transponders. To assess atmospheric electricity, the
station included a Campbell Scientific CS110 electric field meter for measuring the local electric field and a Boltek LD-250
lightning detector to track lightning activity in the vicinity.

The ground weather station recorded meteorological parameters continuously from the 13th until the 28th of September.

Data availability. All files are archived under individual DOIs at the Zenodo Open Science data archive (zenodo.org) where a dedicated
community, Pallas Cloud Experiment — PaCE2022, has been established. This community hosts the data files along with additional metadata

related to the data sets. Code for data processing is available from the corresponding author upon reasonable request.
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The data are provided in both ASCII comma-separated value (CSV) format

— https://doi.org/10.5281/zenodo.14858142 (Chavez-Medina et al., 2025a)
and Network Common Data Form (NetCDF) format

— https://doi.org/10.5281/zenodo.14774327 (Chavez-Medina et al., 2025b)

following a standardised file naming convention described in subsection 3.2.1: “DS.XXXX.b1l.yyyymmdd.hhmm.nc/csv.” Here, .nc and
.csv denote the NetCDF and CSV file formats, respectively, while XXXX represents the instrument identifier: MPWD for Max Planck
WinDarts and GDST for the ground weather station.

Ahead, in Section 5, we will provide a complete description of the file structure, detailing how the data is organised within

the NetCDF and CSV formats.

4 Data Description

In this section, we present an explanation of the data, using WD1-1 and flight 20220920.0750 as an example as it includes one

of the most complete measurements.
4.1 Level 1 data: quality control and data synchronisation

In this context, “Level 1 data” refers to the raw, minimally processed data, i.e. the parsing of data, synchronisation between
different sensor time stamps, the filling of missing values and the generation of validity identifiers. Each flight’s data and
instruments underwent quality control and were standardised into a common format for subsequent release and analysis. This
format adheres to the Climate and Forecast (CF) convention for units and nomenclature. Detailed specifications and guidelines
for the CF convention can be found in the official documentation at http://cfconventions.org/. For each flight and WinDart, we
created a NetCDF file, as indicated in table 2. All times in this manuscript are presented in UTC. During September, Finland
observes Eastern European Summer Time (EEST), which is UTC+3 hours, meaning local time was 3 hours ahead of UTC
during the campaign.

Instruments were calibrated prior to the campaign. The acquired data sets were reviewed to eliminate defective measurements
from further analysis. Defective data were identified graphically. We plotted a set of quantities for each flight and different
devices to verify that the instruments functioned properly throughout the flight and that the measurements were coherent.
Systematic errors were identified thanks to the redundant measurement design of the WinDarts. As shown in table 1, different
instruments measured the same quantity, allowing for cross-verification. For instance, we compared GPS-measured altitude
with altitude derived from barometric pressure measured by the BMP.

Defective measurements are not included in table 2. In cases where a device malfunctioned at some point after the beginning
of the flight, we documented the failure in the metadata of the corresponding NetCDF file and indicated it in table 2 by labeling
it as “(failure)” or excluding it from data availability. Figure 5 illustrates two flights with failures. The upper plot depicts

flight 20220921.0716, where both WinDarts experienced battery failures mid-flight, resulting in the simultaneous failure of all
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Figure 5. Altitude profiles for flight 20220921.0716 (top) and flight 20220926.0530 (bottom) are presented here. Top plot is an example
of complete device failure during a flight. Bottom plot is an example of GPS device failure during a flight. The dashed line represents
measurements obtained from the GPS, while the solid line indicates altitude calculated using barometric pressure data from the BMP. Time

is displayed in UTC, with local time being UTC+3 hours.

instruments on each WinDart. For WD1-1 the failure occurred at 10:18 UTC and for WD1-2 at 11:18 UTC. The lower plot
shows flight 20220926.0530, where the GPS on WD1-1 failed during the flight. This case exemplifies how the redundancy
of the WinDarts aided in error detection. The label BMP indicates that altitude was computed from the barometric pressure
measured by the BMP. Notably, the GPS on WD1-2 failed at the start of both flights.

Level 1 data processing also involves synchronising all measurements and correcting timestamps. We used the UTC times-
tamps from the GPS as the authoritative reference, which can be accurate to microseconds. Consequently, all measurements
(SVM, BPM, TMP, SHT, etc.) were aligned to the GPS timestamps.

As shown in table 2, while the GPS data was not always completely reliable, at least one of the WinDarts maintained
functional GPS throughout all flights except 20220926.0530 and 20220926.1128, which are marked as “GPS(failed)” in the
table. In these cases, although the GPS did not record continuous data, it successfully captured the start time of the flight,
allowing for reasonably accurate synchronisation of other measurements.

In flight 20220920.0750, when both WinDarts’ GPS systems were operational, synchronisation was most precise, achieving
microsecond accuracy. Each WinDart’s data was aligned to its respective GPS timestamps. However, in cases where one GPS
failed (typically WD1-2’s), we synchronised its measurements to WD1-1’s GPS timestamps by aligning altitude patterns.
Specifically, we compared the altitude derived from WD1-2’s pressure sensor (BMP) to the altitude recorded by WD1-1’s
GPS. This manual synchronisation process allowed us to establish a reliable UTC timestamp for WD1-2’s data.

Figure 6 presents the time series of air temperature, pressure, relative humidity, and altitude recorded by each sensor on
WinDart WDI1-1 during flight 20220920.0750. In each plot, the primary sensor for each quantity—selected based on the
highest accuracy and resolution specified in the manufacturers’ manuals (see table 1)—is highlighted with a thicker line: TMP

for temperature, BMP for pressure, and SHT (heater off) for relative humidity.

12



https://doi.org/10.5194/essd-2025-111 @ Earth System ©
Preprint. Discussion started: 13 March 2025 ¢ Science ¢

Author(s) 2025. CC BY 4.0 License. g )
u or(s) 2025. CC 0 License § Data g

[©MO

BY

£ \
= 950 BME
5 v
&~ 900 VA
— 300 s TMP
% BMP
£ 2901 BME
5 ——— SHT
g 280 SHT3
= 270 —— OPC
g 100
%‘ 75 BME
E e SHT
T 50 SHT3
2 ——— OPC
E“j 25 -

750
E)

500
E . U-Blox
Z 2501

0_

08:00 09:00 10:00 11:00 12:00 13:00 14:00
UTC time [HH:MM]

Figure 6. Time series of air pressure , air temperature , relative humidity and altitude for WD1-1 during flight 20220920.0750 of the PaCE

campaign. Local time is UTC+3 hours.
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Figure 7. Location of WD1-1 during flight 20220920.0750.

Figure 7 displays the longitude and latitude coordinates of WD1-1 throughout flight 20220920.0750. This spatial represen-
tation shows the flight path taken during the data collection. The plotted trajectory highlights how WD1-1’s position changed
over time, allowing for a clear visualization of the flight’s movement.

During some flights, the WinDarts entered clouds, as initially determined by visual inspection during flight (which is not
highly accurate) and later verified by particle concentration measurements. Figure 8 presents a scatter plot of particle concen-
tration from the OPC on WD1-1 across different size bins during flight 20220920.0750. Each point represents a concentration
measurement, with a colour gradient indicating particle size from the smallest to the largest bins.

According to the flight log, WD1-1 entered a cloud around 09:03. However, figure 8 suggests an earlier entry, as a noticeable
increase in particle concentration across all size bins is observed around 08:30. This highlights the impact of cloud droplets on
particle distribution within the measured range.

Figure 9 illustrates the time series of the air velocity vector in the platform (WinDart) frame, denoted as U = (U, V, W), as
measured by the SVM (five-pressure-channel Pitot tube). The Pitot tube measures five differential pressures, which are then
processed using Vectoflow Post-Processing libraries to obtain the wind velocity vector U. The Vectoflow function used the air
temperature and air pressure time series recorded by the TMP and BMP sensors, respectively (refer to figure 6). At this stage,
no additional post-processing techniques are applied to the velocity measurements. The components (U, V, W) represent the
wind-direction, transversal-to-wind-direction, and vertical-direction components of U. Due to the fins installed in their tails
(illustrated in figure 4), the WinDarts align with the wind direction.

Figure 10 shows the time series of air temperature, wind speed, relative humidity, and atmospheric vertical electric field
recorded by the ground weather station during the 20th of September, when the WinDarts performed flight 20220920.0750.
For each quantity, the primary sensor was chosen as the one offering the highest accuracy and resolution according to the
specifications provided in the manufacturers’ manuals: the Lufft WS500UMB for temperature and relative humidity, the Metek

uSonic3 Class A-MP for wind speed, and the Campbell Scientific CS110 field mill for the electric field.
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Figure 8. Time series plot showing particle concentration measured by an Alphasense OPC-N3 optical particle counter during flight
20220920.0750. Each curve represents a specific particle size bin, with bins spanning from 0.35 to 20 pm in diameter: Bin 0 (0.35-0.46
pm), Bin 1 (0.46-0.66 pum), Bin 2 (0.66-0.77 pm), Bin 3 (0.77-0.96 p4m), Bin 4 (0.96-1.15 pm), Bin 5 (1.15-1.34 pim), Bin 6 (1.34-1.52 pum),
Bin 7 (1.52-1.75 pm), Bin 8 (1.75-2.00 pm), Bin 9 (2.00-2.35 pm), Bin 10 (2.35-2.71 pm), Bin 11 (2.71-3.24 pm), Bin 12 (3.24-3.80 pm),
Bin 13 (3.80-4.40 pm), Bin 14 (4.40-5.20 p4m), Bin 15 (5.20-6.00 ym), Bin 16 (6.00-7.00 pm), Bin 17 (7.00-8.00 xm), Bin 18 (8.00-10.00
pm), Bin 19 (10.00-12.00 pm), Bin 20 (12.00-14.00 pm), Bin 21 (14.00-16.00 pm), Bin 22 (16.00-18.00 pm), Bin 23 (18.00-20.00 pm).

Concentrations are shown over time.

5 File Structure
The data are provided in both ASCII comma-separated values (CSV) and Network Common Data Form (NetCDF).
5.1 NetCDF

The NetCDF contains a hierarchical structure that organises data based on instrument type and measurement platform. Each file
begins at the root level, containing the filename as the top-level group. All groups and variables are accompanied by detailed

metadata (i.e. attributes), including units, descriptions, and sensor specifications.
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Figure 9. The time series of the wind velocity vector measured by WinDart WD1-1 during flight 20220920.0750 of the PaCE campaign is
presented here. The time series corresponds to the wind velocity vector as measured by the platform, without any corrections for platform
motion. All times are displayed in UTC, with local time being UTC+3 hours.

5.1.1 WinDarts

At the first level of the hierarchy, the data set is grouped under “Levell”, which contains data from individual WinDart plat-
225 forms, specifically WD1-1 and WD1-2, each corresponding to an independent measurement system.

Each WD1 subgroup is further divided into three main categories based on the source of measurement:

— arduino (referred to as MetQuant in table 2): This group contains measurements from sensors connected to an Arduino-

based system, including:

— BME: Air pressure, temperature, and relative humidity.
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Figure 10. Time series of air temperature , wind speed, relative humidity and atmospheric vertical electric field measured by the

ground weather station during the 20.09.2022. Local time is UTC+3 hours. The period of time during which the WinDarts were flying
(20220920.0750) is indicated by the grey box.
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BMP: Additional pressure measurements.

BNOI1, BNO2: Inertial measurement unit (IMU) data.

OPC: Optical particle counter data.

SHT, SHT3: Additional temperature and humidity measurements.

TMP: High-precision temperature sensor.

— gps: This group includes position, velocity, and time synchronization information from the GPS unit, such as altitude,

latitude, longitude, horizontal and vertical accuracy, geoidal height, magnetic declination, and timestamps.

— svm: This group contains Mach number, Reynolds number, static and dynamic pressure, velocity components, and total

temperature.

At the lowest level of the hierarchy, each sensor-specific group (e.g., BME, BMP, GPS, SVM) contains the measured vari-

ables along with their associated time arrays.
5.1.2 Ground weather station

The data set is also organised into different groups and subgroups that correspond to specific instruments and measurement
categories. At the first level of the hierarchy, the data set is grouped under “Levell”, which contains multiple subgroups

corresponding to different sensor systems:

boltek250: This is the lightning strike detector, which measures range and direction of strikes.

¢s110: Contains the raw and calculated electric field.

1i17500ds: Optical H20 and CO2 analyser with meteorological quantities such as air temperature and air pressure.

lightning_warning_gnss: This group contains GPS-based positioning data related to the position of the boltek250.

lufftwsumb: Contains readings from a weather station module.

metek: Includes high-resolution atmospheric data including wind velocity and temperature measurements.

pingstation: Stores satellite-based positioning data for airspace monitoring.

tensiometer: Contains the line tension to the balloon.

At the lowest level of the hierarchy, each sensor-specific group contains the measured variables along with their correspond-

ing time arrays.
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52 CSV

The CSV files are organised in a structured format that mirrors the hierarchical nature of the NetCDF format. Each file contains

two main columns:

— Path — This column specifies the location of each variable within the data set using a structured naming convention. The

path follows a hierarchy, separating different levels with slashes (/). For example, for the WinDarts:

/Levell/WD1-1/arduino/BNO1/time
/Levell/WD1-1/arduino/BNO1/acceleration

/Levell/WD1-1/arduino/BNO2/magnetic_field

This structure reflects the source of the data, the specific sensor (e.g., BNO1 or BNO2), and the type of measurement

recorded.

— Data — This column contains the recorded values associated with each path. The values are stored as lists or arrays,
maintaining the sequential nature of the measurements. For instance, the time variable consists of an array of timestamps,

while acceleration or magnetic_field variables contain numerical arrays corresponding to their respective sensor readings.

This format ensures that the CSV files retain the same level of organization and clarity as the original data set, allowing users to
easily locate and interpret specific variables. The structured naming convention makes it intuitive to analyze data relationships

across different sensors and measurement types.

6 Possible end users

This data set is designed for researchers investigating the atmospheric boundary layer, offering high-resolution measurements
of meteorological variables that facilitate the characterisation of vertical profiles and fluxes within the surface layer, mixed
layer, and entrainment zone. For an analysis of long-term trends, we recommend performing a diurnal cycle assessment.

The data set includes example cases of convective boundary layers, such as flight 20220920.0750 (see Chavez Medina
(2024)), and serves as an input for model development, a reference for instrument validation, and a resource for synergistic
analyses with complementary PaCE campaign measurements, including remote sensing data, UAV observations, and cloud
microphysics. The data collected from the MPCK platform and associated instruments is particularly useful for atmospheric
scientists studying turbulence in the boundary layer and cloud-turbulence interactions.

To gain a full understanding of boundary layer dynamics and thermodynamics, we recommend integrating this data set with
the MPCK™ data set (Schlenczek et al., 2025) and FishBox measurements both part of this special issue.

For an example application of statistical analysis in a convective boundary layer, refer to Chapters 5 and 6 of Chavez Medina

(2024).
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