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Abstract. As part of the ORCESTRA field campaign in August and September 2024, 1191 dropsondes were deployed over

the Eastern and Western Atlantic ITCZ from the HALO aircraft coordinated by the PERCUSION and MAESTRO subcam-

paigns. Here, we describe the hierarchy and processing of the resulting Barbados and Eastern Atlantic Combined High-altitude

(BEACH) dropsonde datasets. The Level 0 dataset contains measured meteorological variables, such as relative humidity (RH),

temperature (T ), pressure (p), eastward (u), and northward (v) wind data as output by the AVAPS system. The corresponding5

ASPEN quality-controlled data is called Level 1. Level 2 adds further measurement-specific quality control flags. Level 3

builds the core of BEACH including all quality controlled dropsonde profiles interpolated to a common 10 m altitude grid and

concatenated into a single dataset. We further derive mesoscale vorticity, divergence, and vertical velocities from 87 circular

flight patterns in Level 4 using the regression method. These area-averaged variables will guide our understanding of mesoscale

processes acting within the ITCZ, one of the main goals of ORCESTRA. All data levels are openly available on IPFS, while10

the processing code is made public on GitHub.

1 Introduction

The Organized Convection and EarthCARE Studies over the Tropical Atlantic (ORCESTRA, ?)
:::::::::::::::::::::::::::::
(ORCESTRA, Stevens et al., 2026)

field campaign was designed to quantify drivers of mesoscale convective organisation in the tropics with a particular focus on

the structure and variability of the Atlantic Inter-tropical Convergence Zone (ITCZ). More than 1000 dropsondes were launched15

as part of PERCUSION1(?), and in support of the MAESTRO campaign(?), two of the sub-campaigns of ORCESTRA. The

soundings were conducted in August and September, 2024, and later processed to derive area-averaged estimates of horizon-

tal divergence and vertical velocity on the mesoscale (∼200 km, 1h; close to the meso-β scale as per Orlanski (1975)). The

datasets described here provide the first comprehensive mesoscale vertical velocity estimates derived from airborne dropsonde

measurements within the Atlantic ITCZ.20
1campaign and platform specific acronyms are specified in the appendix
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Reliable profiles of the area averaged vertical wind speed, W (z) are crucial to determine the magnitude and sign of vertical

moist static energy advection in the tropics, which in turn helps to understand the interactions of cumulus convection with

large scale circulations (Back and Bretherton, 2006), and patterns of tropical rainfall (Bernardez and Back, 2024). Directly

measuring W , however, remains challenging due to its small magnitude compared to the horizontal wind components. While

reanalysis data provides estimate of W , without independent measurements it is hard to know how well these estimates are25

constrained by data, even in cases when additional data from field campaigns are assimilated (Huaman et al., 2022).

Efforts to derive W more directly from observations have a long history. Already eighty years ago Panofsky (1946) proposed

integrating area-averaged divergence of the horizontal wind velocity (D) upward from the surface to compute W . Following

this
:::
An approach Bellamy (1949) developed a method

:::::
further

:
to graphically acquire divergence from triangles

::::
three

:::::::::
dislocated

:::::::::::
measurements

::::::
which

::::::
defined

::
a

::::::
triangle. From Gauss’ theorem, the area averaged divergence is also equal to the line integral of30

the normal wind around the perimeter of a polygon, whose vertices can be defined by point measurements from sondes. Ceselski

and Sapp (1975) adopted this approach to derive D from routine measurements
:::::::::
operational

:::::::::
soundings

:
over the Northern

American continent. Yanai (1961) applied these methods to sounding measurements over the west pacific to provide some of

::
to

::::::
provide

:
the first estimates of W in the tropics(Reed and Recker, 1971; Yanai et al., 1973). The utility of this approach was

demonstrated
::
in

::::::::::
subsequent

:::::::
analyses

::
of

::::
the

::::::
tropical

::::::::::
atmosphere

::::::::::::::::::::::::::::::::::::
(Reed and Recker, 1971; Yanai et al., 1973),

:
during GATE,35

and in a great many field studies thereafter, as sounding arrays increasingly became part of the experimental design
::::::::::
incorporated

::
in

:::
the

::::::
design

::
of

::::
field

:::::::::
campaigns.

Panofsky and Bellamy’s ideas were refined
:::::
recast by Lenschow et al. (1999), who applied them to aircraft data. They used

air-borne gust probe
::::::::
Lenschow

::::
and

:::::::::::
collaborators

::::
used

:::::::
airborne

::::::::::
gust-probe measurements of the horizontal wind to estimate

D at the top of the boundary layer from straight and level legs arranged in the form of
::
to

::::
close

:
a polygon. They argued that40

circular flight patterns would be preferable, as they not only minimize the perimeter to area, but also avoid sharp turns required

to transition between polygon edges, during which measurements are not useful. Lenschow et al. (2007) adopted this strategy

:::::::::::
demonstrated

:::
the

:::::
circle

::::::
method to calculate D, and showed that D could also

::::::::::
equivalently

:
be computed from spatial derivatives

estimated from best fit linear-regression of the measured wind field to spatial distance.

Bony and Stevens (2019) expanded on this approach
::::::::
combined

:::
the

:::
past

::::::::::
approaches by using an aircraft to deploy dropsondes45

to construct a sounding array. By flying multiple circles with a diameter of approximately 200km following the mean wind

they could provide independent estimatesof the errorof their estimates,
::::
and

:::::
hence

:::::::
quantify

:::
the

:::::
error. This allowed them to

demonstrate that about twelve sondes were sufficient to derive a reliable mesoscale divergence profile and 6 to 8 sondes are

tolerable to evaluate the structure of the calculated vertical velocity profile. They could also show
:::::::::::::::::::::
Bony and Stevens (2019)

:::
also

::::::::::::
demonstrated that their measurements were amenable to the regression method. Using the ICON model to perform large50

eddy simulation for the observed conditions, they further demonstrated that the temporal decorrelation of the divergence is

given by the advective timescale, and hence much less than the time required to fly a single circle.

As compared to the use of winds measured just at flight level, the use of dropsondes had
:::
has the advantage of sounding

arrays, in that they provide vertical profiles of D, and hence W . Hence these methods were incorporated into the experimental

design of EUREC4A (Bony et al., 2017) and other campaigns (Pincus et al., 2021) in the wintertimetrades, as well as for55
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HALO-(AC)3 in the Arctic (Wendisch et al., 2024). During the
::::
2019

:
OTREC field campaign 2019 (Fuchs-Stone et al., 2020;

López Carrillo and Raymond, 2011), the regression methods were generalized to a variational approach by which D and W

were estimated from dropsonde data (Vömel et al., 2020) spread over a large area augmented by winds estimated from airborne

doppler radar measurement following Mapes and Houze Jr (1995).

Recently, qualitatively new methods, using satellite data, have also been proposed to measure
:::::::
Methods

::
to

::::::::
estimate

:
W60

(Poujol and Bony, 2024). These methods
::::::
continue

::
to
:::::::
evolve.

:::::::::::::::::::
Poujol and Bony (2024)

:
,
::
for

::::::::
instance,

::::
have

::::::::
developed

:::::::::::
qualitatively

:::
new

::::::::::
approaches

::
to

::::::::
estimating

:
W ,

:::
by

:::::::
tracking

:::::::
humidity

::::::::
gradients

::
in

::::
time

:::::
using

::::::
satellite

::::::::
measured

:::::::::
radiances.

::::
Their

:::::::
method, how-

ever, require areas
::::::
requires

:::
an

:::
area

:
devoid of cloud, making their

::
its application within the ITCZ problematic. Hence to expand

our understanding of convective regimes, PERCUSION incorporated circular flight patterns to drop sondes in and around the

Atlantic ITCZ and thereby quantify W . These measurements resulted in the Barbados and Eastern Atlantic Combined High-65

altitude (BEACH) datasets described in this paper. Their name
::
A

::::
name

:::::::
chosen

::
in

:::
part

:::::::
because

::
it
:
extends the musical themes

of other named elements within ORCESTRA through reference to Amy Beach, the first female US American composer to

publish a symphony.

::
In

::::
what

::::::
follows

:::
we

::::::
present

:::::::
BEACH

::::
and

:::
the

::::::
choices

:::::
made

::
in

::
its

:::::::::::
construction. Section 2 outlines the dropsonde measurements

during PERCUSION. Section 3 describes the methodological and technical details for the data processing, which is adapted70

from the JOANNE processing described in George et al. (2021). Section 4 gives a brief overview of the thermodynamic and

dynamic structure of the tropical atmosphere as measured by the BEACH dropsondes.

2 Measurements

During PERCUSION 1191 sondes were dropped from the German research aircraft HALO. Data of 715 sondes, launched

between August 27 and September 28, was assimilated into the IFS analysis. After quality control and other processing steps75

described in Section 3, 1115 sondes were used in the BEACH Level 3 gridded product. Most of these were grouped in 89

circles to form the BEACH Level-4 product.

Detailed sonde statistics for each flight are provided in Table 1, and the circles that were flown in coordination with the

MAESTRO subcampaign are listed in Table B1. Flight tracks were designed with two major objectives: (1) to fly along the

EarthCARE track coincident with an EarthCARE overpass to calibrate the satellite measurements and validate the retrievals ,80

and (2) to provide estimates of the mesoscale vertical motions in and around the ITCZ (see Section 3.4).

The circles were designed to take approximately one hour at 14km altitude to complete, which resulted in a circle diameter

of roughly 260km, which varied slightly based on flight altitude and hence speed. A larger variation in circle diameter is

associated with measurements in the East, where additional, ca 40(
::::::::
Additional

::::::
circles

::::
with

::
a
:::::::
smaller

:::::::
diameter

:::
of ≈140km

diameter) circles were flown at lower altitudes
::
in

::::::::::::
approximately

::
40min to coordinate with MAESTRO measurements by the85

SAFIRE ATR-42 research aircraft near the Cape Verde island Sal(?)
:
,
::::::
leading

::
to

:
a
::::::
larger

:::::::
variation

::
in

:::::
circle

:::::::
diameter

::
in
:::
the

::::
East.

A typical flight in the East included four circles: one near the center of the ITCZ, two at the edges and one in coordination

with the SAFIRE ATR-42. During flight planning the ITCZ was identified as the region where total column water vapor values
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Figure 1. Location of dropsonde launches. Sondes that were launched in ATR coordinated circles are marked in yellow, sondes in regular

circles in teal, and sondes that were dropped close to the R/V Meteor in navy regardless their affiliation to a circle. Other sondes are marked

in light blue. Sondes can be part of multiple groups (i.e. the sondes in coordination with the ATR were usually also part of a circle and hence

appear twice in the legend).

exceeded 48mm or where surface wind direction changed Praturi and Stevens (2025). However, especially in the West, the

ITCZ was often not well defined (??)
:::::::::::::::::
(Stevens et al., 2026), as regions of elevated water vapor could extend over a wide range90

of latitudes. Even with a clearly defined ITCZ, restrictions from air-traffic control sometimes did not allow the orientation of

the circles along the EarthCARE orbit and across the ITCZ. As a result, in the West the flight plans focused on distributing

circles within and across the ITCZ, with less regard to the orientation of the circles, except to maintain a similar inter-circle

distance as in the East, and remain anchored to EarthCARE’s overpass. Further details on the PERCUSION flight strategy,

including the flight segmentation (whose utilization in BEACH is described in later sections), is provided in the PERCUSION95

overview paper (?).

Figure 1 shows all sondes with measurements that passed the basic quality control colored depending on whether they

belong to a standard one-hour circle (teal), a smaller ATR circle (yellow), or were dropped in coordination with measurements

by the research vessel R/V Meteor (navy). In total, 90 circles that were planned to have dropsondes were flown of which 87

have enough sonde measurements to derive vertical motion on the mesoscale (Bony and Stevens, 2019, see Section 3.4). The100

indicated regions East, North and West are the same used in ?
:::::::::::::::::
Stevens et al. (2026) and are used in Section 4 to divide the

data. Additional sondes were sometimes dropped at the point of the EarthCARE overpass, and at the Southern or Northern

most point of the overpass to validate other instruments, and for instrument calibration on board of HALO. On flight HALO-

20240919a2 many sondes were dropped along the flight path to provide a basis for testing a variety of sampling strategies. On

this flight alone 73 sondes were launched, one on average every 7–8min.105

2Flight IDs are based on the platform shortname and the ISO-8601 date alphabetically demarcated to allow more than one flight per day
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2.1 Instruments and Sensors

The dropsondes used during PERCUSION are of the type RD41
::::::::
developed

::
by

::::::
NCAR

::::::::::::::::::::::::::::::::::::::::
(Hock and Franklin, 1999; Aberson et al., 2023)

:::
and manufactured by Vaisala. Each sonde consists of a PTU unit measuring pressure, temperature, and relative humidity (RH)

at 2 Hz sampling frequency. A GPS unit provides information on the dropsonde position at 4 Hz, and wind components are

derived from the horizontal displacement of the sonde on its way to the surface. The dropsonde system during PERCUSION110

could receive data from 8 sondes simultaneously, but usually no more than 6 sondes were in the air at once. After the drop,

different sensors need different equilibration times until the measurements are valid. The Aspen default equilibration times,

that were used in the processing, are listed in Vömel and Goodstein (2020) and more details on single sensors, their resolution,

and performance are given in George et al. (2021) and their Table 1.

The dropsonde sensors are the same as those included in radiosondes of type RS-41 launched from Barbados, and the Meteor115

as part of ORCESTRA. These radiosondes in addition to the radiosondes launched at INMG populate the RAPSODI datasets

(Winkler et al., 2026). Common variables and a uniform grid that is shared among RAPSODI’s Level 2 and BEACH’s Level 3

facilitate a combined analysis, even though the processing described in section 3 differs significantly between the datasets due

to different raw data formats and dataset requirements.

2.2 Problems during operation120

After HALO-(AC)3 (Ehrlich et al., 2024), the last HALO campaign with extensive dropsonde operations before PERCUSION,

the antenna for the dropsonde receiver on HALO was moved from a central position on the bottom part of the fuselage behind

the wings of the aircraft to the port-side wing. As a consequence, a longer cable and an amplifier were installed to connect the

antenna with the AVAPS system. The connection between sondes in the air and the AVAPS system seemed interrupted during

flight maneuvers with high roll angles possibly due to the shift in antenna position. In addition, the network connection from125

the AVAPS system to the dropsonde computer was unstable until 2024-09-14 which led to data loss from some sondes in the

air on HALO-20240827a and HALO-20240914a. Overall those problems did not lead to significantly worse quality control

drop outs than experienced during EUREC4A (Section 3.2).

In some instances, air traffic control restricted drops during flight operations resulting in circles with fewer sondes. In some of

these instances, parts of the circle could be reflown a second time, or additional sondes could be dropped to cover a wider area130

(e.g. see flight reports for HALO-20240907a or HALO-20240926a). In one instance, on flight HALO-20240821a, clearance to

drop sondes was revoked during an entire circle, and it therefore remains without sondes.

In three cases, two measurements have the same serial id in the raw data file headers. This can happen if a sonde is initialized

twice without a drop in between, if the power-pin of a sonde is removed and re-plugged within a few milliseconds because this

leads to a factory reset of the sonde, or if two sondes are initialized to send data on the same frequency and the frequency is135

changed at a later stage for one of those sondes. In case of a factory reset, the sonde forgets its calibration and the serial id

000007500 is assigned to it. To handle the above mentioned specific cases, BEACH uses a hash derived from the serial id and

launch time to uniquely identify each sonde.
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Table 1. PERCUSION dropsonde statistics showing the number of sondes per flight and processing level.

flight ID date flight time (UTC) Level 0 Level 1 Level 2 Level 3 Level 4 circles

HALO-20240809b 2024-08-09 09:41:13-15:57:28 3 3 3 3 0 0

HALO-20240811a 2024-08-11 11:59:34-20:35:57 54 49 49 48 46 4

HALO-20240813a 2024-08-13 14:15:39-23:18:05 50 49 49 49 48 4

HALO-20240816a 2024-08-16 11:35:40-20:03:22 52 49 49 49 48 4

HALO-20240818a 2024-08-18 10:04:39-19:03:57 40 38 38 38 38 3

HALO-20240821a 2024-08-21 12:23:35-19:52:41 42 38 36 36 36 3

HALO-20240822a 2024-08-22 11:23:08-19:40:12 55 53 53 53 52 5

HALO-20240825a 2024-08-25 09:14:49-18:58:42 52 47 47 47 47 4

HALO-20240827a 2024-08-27 09:59:43-19:08:18 55 51 49 44 42 4

HALO-20240829a 2024-08-29 12:20:37-20:30:09 52 51 51 51 49 4

HALO-20240831a 2024-08-31 08:51:01-17:41:37 51 50 50 50 49 4

HALO-20240903a 2024-09-03 11:32:07-20:24:25 50 46 46 46 46 4

HALO-20240906a 2024-09-06 10:36:20-17:56:59 12 12 12 12 12 1

HALO-20240907a 2024-09-07 12:49:52-20:40:32 41 41 41 41 41 3

HALO-20240909a 2024-09-09 11:40:40-20:46:33 36 36 36 36 36 3

HALO-20240912a 2024-09-12 11:29:50-20:05:06 51 45 45 45 45 4

HALO-20240914a 2024-09-14 11:29:18-20:04:07 54 45 45 45 45 4

HALO-20240916a 2024-09-16 11:36:59-20:56:44 57 55 55 55 39 3

HALO-20240919a 2024-09-19 11:01:16-19:56:21 76 73 73 73 68 5

HALO-20240921a 2024-09-21 11:22:33-20:07:37 64 61 61 61 61 5

HALO-20240923a 2024-09-23 11:13:40-20:06:12 62 59 59 59 58 5

HALO-20240924a 2024-09-24 15:37:24-21:46:15 49 48 48 48 30 3

HALO-20240926a 2024-09-26 11:42:36-20:23:42 64 60 60 60 58 5

HALO-20240928a 2024-09-28 10:47:02-20:02:36 69 66 66 66 64 5

Total 1191 1125 1121 1115 1058 89

3 Data Processing and Data Products

The datasets in BEACH (see Figure 2) are organized in five levels: Level 0 contains the raw data as recorded by the AVAPS140

system; Level 1 contains ASPEN-processed netCDF files; Level 2 includes further customized quality controlled Level 1

data in zarr format; Level 3 consists of the Level 2 data interpolated onto a common altitude grid, as well as additional derived

physical variables; Level 4 associates Level 3 data with circles and provides circle products, e.g., the mesoscale vertical motion.
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Figure 2. Schematic overview of the data processing from the AVAPS raw data to the Level 4 circle products.

All processing steps generating the BEACH datasets are openly available and embedded in the Python package pydropsonde.

The BEACH datasets were created with pydropsonde version 0.5.5which evolved out of the processing done for the145

JOANNE dataset (George et al., 2021). The basic structure of the data levels remains, while some parts of the processing

have been improved and expanded, as will be described in this section.

3.1 Level 1 processing : ASPEN quality control

The Level 0 (Gloeckner et al., 2026a) or raw data generated by the AVAPS system is described by George et al. (2021, chapter

2.3.1 and Table 4). pydropsonde uses the raw data files “D-files” and the metadata files “A-files”. As a first step, the metadata150

of each sonde is checked for a detected launch, which occurs if the sonde parachute opens properly. The respective ”A-file”

includes a line stating ”Launch Obs Done?” and possible flag values ”0” - False and ”1” - True. In case it does not open, or

the opening is not detected, the sonde does not switch to a high power mode for transmitting data and the connection to the

receiving unit is lost after falling a few hundred meters. Such profiles are of little value and discarded from any further analysis.

ASPEN is a software package developed by NCAR that is used for analysis and quality control (QC) of dropsonde data. For155

the BEACH processing, ASPEN version 4.0.4 was used. For each sonde that detected its launch, the ASPEN software (Martin

and Suhr, 2021) is run on the raw data (D-file) using a container-based approach. A docker image containing the command-line

functionality of ASPEN is utilized within the processing pipeline
:::
with

::::
the

::::::
default

:::::::::::
editsonde

::::::::::
configuration. The ASPEN

processing includes several quality control steps, such as removal of post-splash data and the equilibration period, outlier

checks, and smoothing
:::::::::
smoothing,

::::
and

::::::
outlier

::::::
checks as described in the ASPEN Manual (AspenDocs 1.0) and Dropsonde160

7
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Data Quality Report (Vömel and Goodstein, 2020, based on the NRD41 sondes, which are built differently but contain the

same sensors).

We encountered several special cases due to connection or manufacturing issues that needed individual treatment: Eleven

sondes were missing metadata information due to an empty A-file. Since the processing with ASPEN is independent of the

A-files, it was applied regardless. A flag stating a successful launch-detect is set to ‘None‘ within the pydropsonde processing165

in those cases signaling that the status of launch-detect is unknown. Since all of those sondes have other problems as well,

neither of them appears in Level 3 (see Table E1). Five of those sondes have a Level 2 file, but should be handled with care

since their altitude coordinates are unreliable. They can be identified by a NaT launch_time. In addition, based on the

metadata, 17 sondes were falsely configured by the manufacturer to be of type NRD41, often called minisonde, instead of the

actual sonde type RD41. They have been processed by ASPEN with the respective minisonde configuration, because ASPEN170

does not allow a processing with the RD41 configuration for those sondes. While this does not influence the variables used

for the BEACH datasets of Level 2 and above, it does impact the estimated vertical wind component included in the Level 1

datasets of those sondes. The affected sondes are listed in supplement Table E2.

In total, 1125 sondes reached Level 1 (Gloeckner et al., 2026b) with individual numbers per flight listed in Table 1. We call

the untouched ASPEN netCDF output files Level 1 data and store it in form of single datasets per sonde.175

3.2 Level 2 processing: Additional quality control

3.2.1 Quality Control Tests

The Level 2 (Gloeckner et al., 2026c) processing applies additional quality control (QC) tests to provide a basis for a combined

analysis of all profiles. It includes four variable-specific tests that we call profile-sparsity, profile-extent, near-surface-coverage,

and sfc-physics. Before those tests are run, we remove data above the drop height (gpsalt-below-aircraft). The tests are based180

on the JOANNE processing (George et al., 2021) with slight modifications and additions, described in section 3.5.

Filter: gpsalt-below-aircraft The ASPEN Level 1 data contains the altitude variable gpsalt obtained from GPS measure-

ments. Depending on the GPS connectivity within the aircraft, the GPS measurements need an equilibration period of up

to 10 seconds (Vömel and Goodstein, 2020) to build up a connection after a sonde launch. The ASPEN-processing

removes this period from the u and v data, but not from the GPS-altitude (gpsalt) data points, such that some-185

times erroneous measurements above the aircraft altitude are included before the connection is established. Therefore,

pydropsonde removes the gpsalt, u, v, sonde latitude, and sonde longitude values for any measurement with a

gpsalt above the aircraft altitude
:
as

:::::::::
measured

::
by

:::::::::::
BAHAMAS

:::::::::::::::::
(Konow et al., 2021). This is a valid approach because

the sondes are too heavy to be carried upwards. The data is removed before any other QC tests, such that their results are

not influenced by a faulty gpsalt.190

::::
QC:

::::::::
gps-valid

:
A
::::::
second

::::
QC

::::::
checks

:::::::
whether

:::
the

:
u
::::
and

:
v
::::::::::::
measurements

::::
have

:::
an

::::::::
unusually

::::
large

::::::::
variation.

::
It
::
is

:::::
failed

::
if

σuv :=
√

σ2
∆u +σ2

∆v,
:::::::::::::::::

(1)
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::::::
exceeds

:::::
three

::::
times

:::
the

:::::
mean

:::
σuv::

of
:::
all

::::::
sondes:

::::::::::::
σuv > 3 ·σuv ,

::::::
because

:::::
large

:::
σuv::::::

values
::::::
indicate

::::
that

:::
the

::::
GPS

:::::::::::
measurements

::
are

::::::
faulty,

:::::
either

:::
due

::
to
::::
fast

::::
falls

::
or

::::
large

:::::
gaps

::
in

:::
the

::::
GPS

::::::::::::
measurements.

:

Profile Fullness This is checked with three variable specific tests: The profile-extent is passed if the highest valid measurement195

of a sonde is above 8000m. The profile-sparsity test is passed if more
:::
less than 20% of the theoretically available data is

present
::::::
missing. This is an adapted version of the profile-fullness-test (sat-test) in George et al. (2021). The near-surface-

coverage test is passed if 50 or more measurements have been made in the lowest 1km. The altitude measurement used

depends on the variable, since u and v have gpsalt as their reference altitude, while p, temperature, and RH have alt

as their reference altitude in the Level 1 data. Figure 3 shows the histograms for the QC tests that determine the profile200

fullness of a measured variable. It shows, that the horizontal wind measurements have a larger fraction of missing values

than the PTU measurements and that the relative humidity sensor needs a longer time to equilibrate, resulting in lower

profile extents.

QC: sfc-physics In addition to those QC tests which are aimed to check the fullness of a profile, the bottom-most value in

each profile is checked for physical plausibility; i.e. the check is passed if the lowest RH measurement exceeds 0.3, the205

lowest temperature measurement is above 293.15K, and the lowest pressure is between 1005hPa and 1020hPa. Those

thresholds were chosen relatively lax and for a tropical atmosphere. They should be chosen differently for dropsondes

in other locations, as for example during HALO-(AC)3. Two things can lead to a failed sfc-physics test: (i) the sonde

did not send data until it reached the surface; and (ii) there was a calibration issue. In the first, more common, case the

near-surface-coverage test is failed as well. The second case was only triggered for a single sonde (0bd0e322 on HALO-210

20240924a), which was unintentionally factory-reset as described in 2.2, and consequentially has a shifted temperature
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profile and anomalously low RH measurements. The corresponding values have been masked in Level 3 so as to not

adversely impact other calculations.

3.2.2 Variables in Level 2

:::
For

:::::
Level

:
2,
:::
all

::::::
sondes

:::
are

::::::::::
concatenated

:::::
along

:::
the

:::::
time

::::::::
dimension

:::
into

::
a

::::::
dataset

:::
with

::
a
::::::
ragged

::::
array

::::
data

:::::::
structure

:::::::::::::::::::::
(Brian Eaton et al., 2024)215

::::
with

:::::::::
dimensions

:::::
time

:::
and

::::::
sonde

:
.
:::
The

:::::::::::::::::::
times_per_sonde

:::::::
variable

:::::::
contains

:::
the

::::::
number

::
of

::::
time

::::::::::::
measurements

:::
per

::::::
sonde.

Only the measurements for temperature (ta), relative humidity (rh), pressure (p),
::
and

:::
the

:::::
wind

::::::::::
components

:
u (u), and v (v)

:
,

:::
and

::
w

:
(
:
w
:
) are transferred from the Level 1 output to the Level 2 dataset. Any other derived variables are removed. Additionally,

positional variables such as latitude (lat), longitude (lon), and sonde altitude obtained from GPS (gpsalt) and pressure

(alt) at each time point are included. The flight altitude, time, and position at drop are contained as attributes
:::::::
variables

:::::
along220

::
the

:::::::
sonde

:::::::::
dimension.

The four variable-specific QC flags are combined into one QC variable per physical variable, which is called *_qc and

contains all information in binary format (Brian Eaton et al., 2024, sec 3.5). In Level 2, the detailed results of the QC analysis

are stored in respective QC variables, that have the naming pattern {variable}_{qc_name}_{value_type}.

To help parse the results of the tests, an overall sonde_qc variable is introduced that is GOOD if the Profile Fullness and225

Surface Physics tests are passed for all variables. A variable of a sonde is BAD if all individual QC tests are failed, or if the

sfc-physics is the only failed test as the sondes measurements are deemed unphysical then. Any other sondes are flagged as

UGLY, since they contain valid measurements for some purposes. Apart from one sonde that did not have any valid data for

any of the variables in Level 2, all sondes are at least Ugly.

After the Level 2 QC 976 sondes are GOOD, 139 sondes are UGLY, and no sonde is BAD.230

3.3 Level 3 processing: A combined dataset

Level 3 (Gloeckner et al., 2026d) is a combined dataset of all GOOD and UGLY Level 2 dropsondes. It contains the data of

those sondes interpolated to the same altitude grid, as well as the QC flag for each variable for each sonde. There exists a

separate Level 3 QC dataset that contains all QC details. The data was split in this way, because for most use cases the QC

details are irrelevant and unnecessarily clutter the Level 3 product. The Level 3 dataset and the Level 3 QC dataset have the235

same dimensions and coordinates so that they can be easily merged if necessary.

To obtain the same altitude grid, sondes are interpolated to the same 10m altitude grid. After the interpolation, 10m sections

that do not contain a measured value are masked. Instead of interpolating T directly, θ is calculated as

θ = T ·
(
p0
p

)Rd
cp

, (2)

and T is recalculated on the interpolated data, because θ behaves more linear, to form a consistent dataset.240

Before the interpolating in altitude for Level 3, gpsalt is linearly interpolated in time, because it can happen that a given

point in time has a PTU measurement, but no GPS-altitude measurement.
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Figure 4. Distribution of surface pressure and gpsalt values from all sondes. (xrange alt: 100m, xrange p: 10hPa

3.3.1 Defining a common altitude

By default the Level 2 data contains two separate altitude variables: gpsalt, which is derived from GPS measurements, and

alt, which is calculated from p using the assumption of hydrostaticity. It is a priori not clear which altitude dimension should245

be used, so we will use a simple train of thought to justify our decision:

If a perfect sonde falls at roughly 10m s−1, we would expect the last altitude measurement to be equally distributed between

0m and 10m. Everything outside of this range would then be either an error on the GPS measurement, or a sonde that did

not send data up to its splash in the ocean. If we further assume that a 10m difference in altitude is roughly equal to a 1hPa

difference in pressure, we would accordingly assume the surface pressure to roughly vary within 1hPa.250

Figure 4 shows the probability histogram of the last pressure and last gpsalt measurements. The axes are chosen such that

10m in gpsalt are equivalent to 1hPa in pressure. For gpsalt, most of the values indeed fall within 0m to 10m, but there

is an error of roughly 20m. The pressure measurements have a slightly larger dispersion, but that is expected since the surface

pressure is not exactly the same everywhere. There is however no reason to assume that one altitude measurement is better

than the other, because the range of the histograms is similar. Considering that the alt variable in addition to the pressure255

measurement error assumes hydrostasis, which is not always valid (especially at higher altitudes), we decided to use gpsalt

as the default altitude coordinate in Level 3.

For sondes that do not have a full
::::
valid gpsalt profile; ,

:::
i. e.

::
if
:::
the

::::::::
gps-valid

:::
QC

:::::
failed,

:::
the

:
alt

:::::::
variable

:
is
:::::

used
:::
for

:::
the

::::::
altitude

::
if

:
a
:::::
valid

::::::::
surface-p

:::::::::::
measurement

:::
was

::::::
taken.

::
In

::::::::
addition,

:
if
:::
the

:
gpsalt

:::::
profile

::
is

::::::::::
incomplete, i.e. if the near-surface-
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count or the profile-extent QC tests failed for u (meaning there was poor GPS signal), the alt variable is used for the altitude260

if

1. the QC that was failed for u was passed for p and

2. a valid surface-p measurement was taken.

The first condition ensures that an incomplete gpsalt profile is not replaced by an equally incomplete alt profile. The second

condition is required because the alt calculation needs a reference height, and the ASPEN software used for generating Level265

1 assumes that the last measured pressure is the surface pressure for that purpose. Although we can never say with 100%

certainty that a sonde sent data until its splash, we assume that it was close enough if the sfc-physics QC was passed for p.

The chosen altitude dimension for each sonde is renamed to altitude in Level 3 to indicate that it is a new variable, and

an ancillary variable altitude_source is added to the QC dataset, which contains the name of the altitude variable from

Level 2 that is used as the altitude in Level 3 for each sonde. For five sondes on HALO-20240827a, neither gpsalt nor alt270

provides a valid altitude. These sondes are dropped between Level 2 and 3.

3.3.2 Variables in Level 3

In addition to the Level 2 variables, Level 3 contains θ, q, integrated water vapor (IWV), wind direction and wind speed.
::::::
Vertical

::::::
velocity

::
w
:::
of

::::::::
individual

::::::
sondes

::
as
:::::::::

estimated
::
by

::::::::
ASPEN,

:
is
::::::::

removed
:::::::
between

:::::
Level

::
2

:::
and

:::::
Level

::
3.

:
The specific humidity q is

calculated from RH and T using the saturation vapor pressure from Hardy (1998), because the same formulation is used by275

Vaisala for the calibration of the sondes:

lnes =

6∑
i=0

git
i−2 + g7 ln(t) (3)

with the coefficients given in Tab. 2

Table 2. Coefficients in Hardy (1998) formula for saturation vapor pressure.

g0 = −2.8365744 · 103 g1 = −6.028076559 · 103 g2 = 1.954263612 · 10 g3 = −2.73783018 · 10−2

g4 = 1.6261698 · 10−5 g5 = 7.0229056 · 10−10 g6 = −1.8680009 · 10−13 g7 = 2.7150305

The integrated water vapor (IWV) is only added for sondes that have a GOOD quality control flag for RH, p, and T mea-

surements and set to NaN otherwise to ensure an adequate representation of the actual IWV. We use280

IWV =

∫
qρvdz, where ρv(p,T,q) =

p

(Rd +(Rv −Rd)q)T
. (4)

The time coordinate from Level 2 is also interpolated and stored in an interpolated_time variable. This time coor-

dinate, as it is interpolated, is no longer useful to calculate fall speeds. These should be computed from the Level 2 data if

necessary.
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3.4 Level 4: Circle Variables285

Level 4 (Gloeckner et al., 2026e) of the BEACH datasets contains the mesoscale divergence (D), vorticity, vertical velocities,

and pressure velocity (ω), all of which were derived from circles. Circles usually had a radius of either ca 133km and a duration

of one hour, or of about 70km and a duration of 40 minutes (see Section 2).

The BEACH Level 3 sonde dataset is grouped into individual circles according to the flight segmentation(?). The segmenta-

tion provides the circle times, latitudes, longitudes, and radii. A sonde belongs to a given circle if it was dropped between the290

circle’s start and end time. In addition sondes dropped inside the circle area and within 20 minutes from the circle start or end

are tagged as extra_sondes in the flight segmentation for that circle and are also included.

We apply the linear regression method described in (Bony and Stevens, 2019) in order to obtain the gradient terms and the

mean profiles. From these, we compute divergence, vorticity, vertical velocity, and ω. Before applying the regression, vertical

gaps in the Level 3 profiles are interpolated using the Akima method (Akima, 1970). The details of the interpolation, the295

regression, the circle products, and corresponding errors are described in this section.

3.4.1 Circle Fit

he regression method is applied as described in Bony and Stevens (2019) and George et al. (2021): The solution to the equation

ϕ(x,y)≈ ϕ0 +
∂ϕ

∂x
∆x+

∂ϕ

∂y
∆y, (5)300

where ∆x and ∆y are the eastward and northward distances to the circle center, is found by solving the least square problem

min
x

||(Ax− b)||2, (6)

where x=


1
∂ϕ
∂x

∂ϕ
∂y

, b=


ϕ1

. . .

ϕk

 and A=


1 ∆x1 ∆y1

. . . . . . . . .

1 ∆xk ∆yk

 for a circle with k sondes. This system can be solved with the

Moore-Penrose pseudo-inverse to derive ϕ0, which is the circle mean, ∂ϕ
∂x , which is the linear variation in the eastward direction,

and ∂ϕ
∂y , which is the linear variation in the northward direction (George et al., 2021). Each of these variables are given at every305

altitude that contains values from six or more sondes, after gaps are vertically interpolated. The details for the interpolation are

discussed in Section 3.4.3.

3.4.2 Circle Products

he above mentioned components for u and v on the circle scale can be used to derive the area-averaged horizontal divergence,

D, and vorticity ζ:310

D =
∂u

∂x
+

∂v

∂y
and ζ =

∂v

∂x
− ∂u

∂y
,
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and the vertical velocity w, and the pressure velocity ω given as

w(z) =

z∫
0

Ddz and ω(z) =−
pz∫

psfc

Ddp. (7)

3.4.3 Vertical gap interpolation of sonde profiles

Although 12 to 15 sondes were dropped in a typical circle, not all circles contain full measurements from 12 or more sondes315

(see Section 2.2). This raises the questions of (1) how to handle sondes without valid data and (2) what to do with sondes that

provide partial data, but don’t pass all quality control checks (Section 3.2). Sondes that do not provide valid data, for example

due to a launch detection failure, were ignored. Following an error analysis by Bony and Stevens (2019), the errors incurred

should be tolerable if six ore more sondes contribute to the products. In the case of measurements from fewer than six sondes

circle products are not calculated. That is only the case for the ATR-coordinated circle on HALO-20240827a and the first circle320

on HALO-20240914a, due to a full dropsonde system failure on both flights.

Apart from sondes that do not contain data at all, there are many sondes with vertical gaps in the measurements. The profile

sparsity is largest for u and v, which are used in the divergence calculation (Figure 3 left). Since the meteorological situation

is very variable in the ITCZ (the domain of BEACH), dismissing information that could be interpolated with confidence might

lead to larger errors in the divergence, vorticity, vertical velocity, and ω estimation than would arise from simply interpolating325

gaps. We tested this train of thought using circles with at least 12 sondes with GOOD u, v and p measurements, as defined in

Section 3.2. For one of those circles with n sondes, ω was calculated 2·(n+1) times: (1) using all available data and no vertical

interpolation (no int), (2) using all data and vertically interpolating gaps with the Akima method (int), (3) once for every sonde

assuming that the sonde has an artificial gap at 500m with interpolation (gap int), and (4) once for every sonde assuming that

the sonde has an artificial gap at 500m without interpolation (gap no int). For interpolation we use the Akima splines (Akima,330

1970), which are similar to a cubic-spline interpolation but less prone to overshooting. In the boundary layer missing values

are extrapolated by assuming constant u, v, and θ, and linear extrapolation for log(p) and RH.

Figure 5 shows the vertical sum of the differences between no int and gap no int on the x-axis and the vertical sum of the

differences between int and gap int on the y-axis for different gap sizes in the columns. The difference to the full calculation

becomes larger for larger gap sizes (left to right), which is not surprising as more information about the actual situation is335

missing. For small gaps, the vertical mean absolute error without interpolation (≈ 0.01±0.02hPa hr−1) is roughly two orders of

magnitude larger than when an interpolation is applied (≈ 2×10−4±2×10−4hPahr−1). For intermediate gaps, there are some

calculations with a noticeably larger error with an interpolation, but overall the mean of absolute errors (≈ 0.03±0.03hPa hr−1)

is approximately quartered as compared to no interpolation (≈ 0.13± 0.15hPa hr−1). For large gaps, it does not make a

difference whether an interpolation is applied (≈ 0.41± 0.44hPa hr−1), which again is anticipated as we do not expect the340

measurements to be informative over such large gaps. Based on those results, we interpolate gaps up to 1500m.
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Figure 5. Difference to full omega calculation for artificially introduced vertical gaps of 30m, 300m, and 1500m depth at 500m altitude

for circles with 12 or more sondes with GOOD u, v and p measurements. Differences using the interpolation method are on the x-axis,

differences without interpolation on the y-axis. Each color represents a circle and each large dot the median over altitude for one sonde. The

grey area illustrates where the interpolation leads to better results than no interpolation. Be aware that the axes do not have the same scale in

the different columns.

3.4.4 Error measures

We calculated the regression standard error for the circle products as described in Bony and Stevens (2019). In addition, we

tested the sensitivity of ω to the removal of an individual sonde in the circle. To do so, we removed each sonde from its circle

and calculated the circle products again while ignoring this sonde. The difference to the value calculated using all profiles in345

the circle is stored in a variable omega_remove_sonde_qc.

Figure 6 (middle and right) shows the ω of seven arbitrary circles with the two different error measures in shading. In the

middle panel we show the regression standard error and on the right we show the span between the minimum and maximum

value if a sonde is removed. The sonde-removal calculation was also done for D, vorticity, and vertical velocity. The results

are stored in the variables *_remove_sonde_qc.350

Although the regression standard error is small (≈ 6% in the mean), individual sondes can have a large impact on the

calculated omega. Figure 6 (left) shows a histogram of the errors that emerge if individual sondes are removed. It illustrates

that the relevance of the sondes increases with height, which is a direct implication of the integration of divergence, and that

the overall mean ω is reliable up to 3.1hPahr− 1 (2σ, averaged over altitude). For individual circles the importance of single

sondes can be much larger, as indicated by the spread in the histogram. Hence, if studying individual circles it is useful to355

check the relevance of individual sondes before interpreting omega values. Encouragingly, the sign of ω does not change in

roughly 90% of the points (and if so then for values of ω ≈ 0).
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3.4.5 Variables in Level 4

The Level 4 dataset contains the interpolated profiles of all sondes that belong to a circle as well as all circle products. Con-

sequentially, in addition to the altitude dimension, it has a circle and a sonde dimension , but each variable is only360

dependent on one of them. To connect both, the dataset has a contiguous ragged array representation following the respective

CF-conventions. It contains a sondes_per_circle variable which gives the number of sondes contained in each circle.

As long as both dimensions remain sorted by circle_time and launch_time respectively, this structure allows to select

all sondes from a circle.

For the sondes, only the sonde_qc information is kept. The interpolated time is also not in the Level 4 dataset. For each of365

p, RH, q, T , θ, u, and v the fit as described in Section 3.4.1 leads to the new variables mean_*, d*dx and d*dy on the circle

level. The necessary x and y variables are also saved in the Level 4 dataset.

In addition to divergence, vorticity, ω, and vertical velocity, the standard errors and the remove-sonde-errors are added for

those variables. The latter have sonde instead of circle as a dimension, because they are the difference in specific variables,

if one sonde is removed.370

3.5 Main differences between BEACH and JOANNE

Although the processing has been adapted from the JOANNE processing, which has been conducted on the EUREC4A drop-

sonde data (George et al., 2021), many steps in the processing have changed.
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From Level 2 onward, BEACH does not use the serial id from the manufacturer as a unique reference to a sonde since

there can be multiple files containing the same serial id (Section 2.2). Instead, a hash derived from the first line in the D-file375

(including launch-time and manufacturer serial-id) was used.

For the calculation of Level 2, the QC tests have been rearranged: The profile-fullness/sat-test in JOANNE is renamed to

profile sparsity and the fraction of missing values as compared to a hypothetical perfect sonde measurement is calculated

instead of the fraction of measured values. JOANNE’s surface-test has been split into a surface count (near-surface-count)

and a surface physics test (sfc-physics). They are both present in JOANNE but combined to the low-altitude-measurement-380

test/low-test. An additional test that checks the profile-extent was introduced to flag sondes with incomplete profiles, e.g. if the

parachute opened very late, and which are problematic when comparing integrated quantities such as integrated water vapor.

Contrarily to JOANNE, sondes that did not pass the tests were not discarded from the dataset, but flagged in the Level 2 and

Level 3 datasets. Additionally, a {var}_qc variable is introduced that contains the QC information in binary format for all

variables. Most of those changes have little impact on the overall QC flag, but were introduced to account for edge cases that385

occurred during PERCUSION and are not covered by the JOANNE QC framework.

During PERCUSION, all sondes were reconditioned on the morning of the flight that they were dropped. As a consequence

there is no dry bias correction (as described in George et al. (2021)) and the humidity measurements are consistent across data

levels.

In BEACH Level 3, the altitude derived from GPS measurements, gpsalt, is used as the default height coordinate instead390

of pressure altitude alt. However, if no gpsalt values were present or the alt measurements were better, the latter is used.

In JOANNE, q and θ are binned to a 10m grid, while we chose to interpolate to the same grid. The decision to bin was made

as to not have values that are not measured in the dataset. This approach was changed, because binning instead of interpolating

introduces an error in height of up to 5m per 10m bin. Although irrelevant for most applications, it creates an error of a couple

of centimeters in the hydrostatic equation that adds up over the depth of the troposphere and is avoided by interpolating. To395

still maintain consistent RH and q values, BEACH interpolates in RH instead of q, because the former is more linear.

While JOANNE linearly interpolates gaps of up to 50m in altitude, BEACH Level 3 does not include any gap interpolation

larger than 5m in Level 3. It does however use the Akima-splines interpolation on gaps in the measurements before the circle

fits, assumes constant u, v, and θ, and linear RH and log(p) in the lowest 300m if there are no measurements for Level 4. For

convenience, those interpolated profiles are contained in BEACH’s Level 4. BEACH also uses sondes that did not pass all QC400

tests for the Level 4 calculation if the QC of used variables were passed, while JOANNE only uses sondes that passed every

QC test.

JOANNE and BEACH use the same formula for vertical velocity w, but BEACH uses the integration over divergence in p

for the vertical pressure velocity ω, while JOANNE uses

ωh =−ρ · g ·w. (8)405
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Figure 7. Mean wind direction in the lowest 50m for all sondes. Level 3 data is used for this plot.

Calculating w and ω independently comes at the cost that they cannot be easily transformed anymore, but it calculates each

variable relative to its altitude coordinate, and hence is more physically accurate. For BEACH, the sonde relevance variables

were calculated in addition to the regression standard error.

4 Data overview

The dropsondes’ surface wind and integrated water vapor measurements give an indication of the conditions spanned by the410

BEACH data. The moist tropics are mostly defined by an integrated water vapor above 48mm (Mapes et al., 2018), with a

peak near the southern edge of the ITCZ (Windmiller and Stevens, 2024). The integrated water vapor (Fig. 8) confirms that

most measurements have been taken within the moist tropics, especially in the East, oftentimes with an IWV much greater than

48mm.

Since the ITCZ is marked by strong convergence at the surface, we expect the surface wind direction to change at the edge(s)415

of the ITCZ. Figure 7 shows the surface wind direction of all sondes. Especially in the East, the transition from southerlies

and northerlies to westerlies is apparent, indicating that most of the dropsondes sampled the breadth of the ITCZ also by this

measure. Westerly surface winds in the Eastern Atlantic are in line with the idea of an equatorial westwind zone (Flohn, 1951).

In the West, neither the wind nor the integrated water vapor field follow the clear structure that is apparent in the East, consistent

with the ITCZ being less well defined there (?, Fig. 6)
:::::::::::::::::::::::
(Stevens et al., 2026, Fig. 6).420

The vertical profile of the wind shows weak baroclinicity (Fig. 9), where the zonal wind changes sign above 10 km, with

the predominant westerlies at the surface transform into strong easterlies higher up in the East, while the easterlies in the West

become westerlies in the West. The larger spread in the near surface wind component v in the East is further evidence for the
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Figure 8. IWV of all sondes. Colorbar is centered at 48mm. Level 3 data is used for this plot.

larger variety of conditions that were sampled there. In the North region, easterlies dominate the whole column, indicating that

those sondes were mostly dropped in the trade wind region.425

Although it is generally moist everywhere, the relative humidity profiles vary considerably. The mean profile in the East

has two distinct peaks at the top of the boundary layer, and near the freezing level and a minimum in between. This structure

fits to the trimodal characteristic of tropical convection (Johnson et al., 1999) and might be of interest because reanalyses and

satellite observations struggle to represent the elevated moist layers in the mid-troposphere (Prange et al., 2023). This feature

is even more pronounced in the North, which might be indicative of a role for dry Saharian air on this region, especially since430

the winds are predominantly north-easterlies babove 2000m. In the West, the mean profile shows less evidence of a freezing

level maximum, but the troposphere below the 0◦ isotherm is moister than the troposphere aloft. Note that the humidity profiles

above the freezing level rarely reach 100% but might still be saturated, especially at higher altitudes, as relative humidity is

calculated with respect to water instead of ice.

Measurements coordinated with the SAFIRE ATR-42were in the North region. Although the mean conditions there indicate435

the trade wind region, some circles as well as a bimodal IWV distribution (see Appendix Figures B1, B2) point to several

interesting cases in or at the edge of the ITCZ.

Mesoscale vertical air motion in the East, as shown in Fig. 10, supports the idea of the ITCZ being a region of mean ascent

with convergence below ≈ 2000m and divergence above 10000m. The West Atlantic shows mean surface divergence in the

lower-troposphere similar to the divergence profile from the JOANNE data measured during the EUREC4A campaign, which440

sampled the winter trades in 2020 (yellow). However, whereas omega in JOANNE indicates subsidence through a deep layer,

the mean omega of the Western measurements in BEACH shows rising air motion above ≈ 3000m. The switch in the direction

of vertical air motion however is caused by strong updrafts at these levels prevaling in some circles. Considering the median

vertical velocity instead of the mean shows predominant subsidence in the West Atlantic above 3000m as well. The mean in
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Figure 9. Profiles of individual sondes from BEACH Level 3 for θ, RH, u and v from the East region (dark red), West region (blue), and

North region (light red). Means are plotted with thick lines while the thin lines correspond to individual profiles (East of -40ΣE in red and

West of -40ΣE in blue). The gray horizontal lines mark the mean freezing level and the lower relative humidity peak respectively. BEACH

Level 3 data is used for this plot.

the East Atlantic is similarly influenced by deep convective events, but the median still shows upward air motion in the whole445

column.

The East-West difference in mesoscale divergence is shown in more detail in Figure 11 for all circles in the BEACH dataset.

Each column is a circle and flights are separated by black vertical lines with circles and flights being sorted in time from left to

right (similar to George et al., 2023, Figure 1). The transfer from sampling the East Atlantic to the West Atlantic on September

6th is marked at the top. Most obvious are the stronger convergence and divergence patterns in the East (stronger red and blue450

colors) compared to less strong patterns in the West except for the flight on September 24th.
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5 Summary

The PERCUSION and MAESTRO aircraft campaigns took place in August and September 2024 in the tropical Atlantic as part

of ORCESTRA. A main focus of ORCESTRA was the influence of convective and mesoscale circulation systems on the mean

structure of the ITCZ. As part of this effort, 1191 sondes were dropped from the research aircraft HALO. This paper presents455

the data from these sondes in the form of the BEACH datasets.

The BEACH datasets contain four Levels of processing of the raw data (Level 0), as schematically depicted in Fig. 2.

This leads to the following data levels: ASPEN quality controlled data (Level 1); custom quality controlled data (Level 2); a

combined dataset including all sondes that have at least partially valid data (Level 3); and a dataset containing divergence and

vertical velocity on the mesoscale for all circles with sufficient valid sonde measurements (Level 4). All datasets are openly460

available on IPFS (?)
:::::::::::::::::
(Stevens et al., 2026). The general hierarchy of the levels and most parts of the processing were adapted

from the EUREC4A dropsonde processing (George et al., 2021).

The BEACH dropsonde data confirms that the PERCUSION flight tracks span the meridional extent of the ITCZ, with

measurements within as well as at the edges as defined by the surface wind field and integrated water vapor (Figures 7, 8).

It also samples zonal variations within the ITCZ. While the ITCZ is clearly outlined in both the surface wind direction and465

IWV in the East, in the West it is less structured. Another difference is that in the East there are two distinct peaks in the mean

relative humidity – around the freezing level and above the subcloud layer. In the West, there is no distinct peak in RH at

the freezing level. In the wind profiles, known dynamical features such as surface westerlies within the equatorial trough are

captured as well as a weak imprint of an Atlantic Walker cell, and the African Easterly Jet.

A core objective of the flight strategy was the derivation of mesoscale divergence and vertical velocities from sondes dropped470

on circular flight patterns. We succeeded in processing 87 circles from all flights that show on average upward motion with

stronger updrafts in the East compared to the West Atlantic. Furthermore, in the lowest 2000m the vertical velocity profile in the

West is closer to the JOANNE measurements from the wintertime trades compared to the measurements from the summertime

East Atlantic, leaving much room for further analysis.

6 Code and data availability475

All datasets in the hierarchy of BEACH are made available via IPFS and have a landing page in the ORCESTRA-browser:

https://browser.orcestra-campaign.org/

The respective dois are

– 10.83509/bafybeif4n7lov7syd5ragolfosqf6t7zuawexxjhtr5r2ezecvgvvj7eje (Level 0),

– 10.83509/bafybeieqqc5fktpmwbluppgb4vidrrx7vv44l5e7rol6zp3e3wlbjmj2q4 (Level 1),480

– 10.83509/bafybeifi5pglgpcq6onwb3yixhvghcmenkvqmcqi7qgjbrbqlgoyrvj52i (Level 2),

– 10.83509/bafybeiczbv7mycr2jois6t4dq3zwiltycomwo5xxvjqcjz2ot3newzar6q (Level 3),
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– 10.83509/bafybeidytxgujp3evqesvvuvc3vsllv6pbcu5gc2torqkz7yo6yuazwtmu (Level 3qc), and

– 10.83509/bafybeibgeeqs5uhmbqy4hz4v3pihrfisiklcetisxkf63d2r473szaprwi (Level 4).

Further information on the ORCESTRA data policy and concept can be found in the ORCESTRA overview paper (Stevens485

et al., 2026) and on the ORCESTRA campaign website. The dropsonde processing software generating the various data levels

is available on GitHub in the pydropsonde repository as well as a Python package called pydropsonde via the Python Package

Index (PyPI). For the processing and plots presented in this paper version 0.5.5 was used which includes the initial processing

with ASPEN v4.0.4. The ASPEN software is hosted in a docker image (on GitHub), making it independent from the operating

system. The repository includes a Dockerfile and the respective GitHub workflows needed to generate the image and push490

it to the GitHub container registry. It can be used via it’s name ghcr.io/atmdrops/aspenqc. The configuration file for running

pydropsonde on the ORCESTRA dropsondes as well as all analysis scripts generating plots and tables for this paper are stored

on GitHub in the orcestra-campaign-dropsondes repository.

The BEACH datasets are stored such that they can be easily accessed with a few lines of code. For example, one can access

the Level 3 BEACH dataset directly using Python. This requires a working IPFS Gateway and the ipfsspec package to be495

installed.

1: import x a r r a y as x r

2: r o o t = " i p f s : / / QmRuaDianH2jryvZoehSES2nkqwLrEsbnwgYnRDLsM2cHZ"

3: ds = xr . o p e n _ d a t a s e t (500

4: f "{ r o o t } / p r o d u c t s /HALO/ d r o p s o n d e s / Leve l_3 / PERCUSION_Level_3 . z a r r " ,

5:
:::::

"
:::::
i p f s

:::
: / /

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
b a f y b e i c z b v 7 m y c r 2 j o i s 6 t 4 d q 3 z w i l t y c o m w o 5 x x v j q c j z 2 o t 3 n e w z a r 6 q

::
" ,

6: e n g i n e =" z a r r " ,

7: )505

Appendix A: Glossary

ASPEN Atmospheric Sounding Processing ENvironment

AVAPS Airborne Vertical Atmospheric Profiling System

::::::::::
BAHAMAS

:::::
Basic

::::
Halo

:::::::::::
Measurement

::::
and

::::::
Sensor

::::::
System

:

BEACH Barbados and Eastern Atlantic Combined High-altitude dropsonde datasets510

EarthCARE Earth Clouds, Aerosols and Radiation Explorer

EUREC4A Elucidating the role of clouds-circulation coupling in climate 2020

GATE GARP Atlantic Tropical Experiment 1974
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GARP Global Atmospheric Research Project

GPS Global Positioning System515

HALO High-Altitude and LOng range research aircraft

HALO-(AC)3 Arctic Air Mass Transformations During Warm Air Intrusions and Marine Cold Air Outbreaks 2021

ICON The ICOsahedral Non-hydrostatic model

IFS Integrated Forcasting Model (ECMWF)

INMG Instituto Nacional de Meteorologia e Geofísica (Cabo Verde)520

IPFS Inter Planetary File System

ITCZ InterTropical Convergence Zone

JOANNE Joint dropsonde Observations of the Atmosphere in tropical North-atlaNtic meso-scale Environments

MAESTRO Mesoscale organisation of tropical convection subcampaign of ORCESTRA

NARVAL2 Next-generation Aircraft Remote-sensing for VALidation studies (2) 2016525

NCAR National Center of Atmospheric Research (US)

netCDF Network Common Data Format

ORCESTRA Organized Convection and EarthCARE Studies over the Tropical Atlantic 2024

OTREC Organisation of Tropical East Pacific Convection 2019

PERCUSION Persistent EarthCARE underflight studies of the ITCZ and organized convection subcampaign of ORCESTRA530

PTU sensor Pressure Temperature and hUmidity sensor

RAPSODI Radiosonde Atmospheric Profiles from Ship and island platforms during ORCESTRA, collected to Decipher the

ITCZ

SAFIRE ATR-42 Service des Avions Français Instrumentés pour la Recherche en Environnemen (Avions de Transport Ré-

gional 42)535
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Table B1. PERCUSION ATR coordination statistics showing the closest ATR flight to each atr-coordinated HALO circle and the number of

sondes in Level 3 and Level 4 for those circles.

flight ID flight date flight time Level 3 sondes Level 4 sondes HALO circle ID

ATR-20240811 2024-08-11 14:33:45-18:13:42 12 12 HALO-20240811a_7a38

ATR-20240813b 2024-08-13 19:11:11-22:34:54 12 12 HALO-20240813a_63f7

ATR-20240816b 2024-08-16 16:06:24-19:38:05 12 12 HALO-20240816a_7241

ATR-20240822a 2024-08-22 13:55:27-17:32:49 10 10 HALO-20240822a_049e

ATR-20240822b 2024-08-22 19:33:26-22:42:09 10 10 HALO-20240822a_b5e4

ATR-20240825 2024-08-25 19:21:56-22:41:33 12 12 HALO-20240825a_64c5

ATR-20240827 2024-08-27 19:02:25-22:34:22 4 4 HALO-20240827a_107f

ATR-20240829 2024-08-29 13:52:13-17:40:57 12 12 HALO-20240829a_3585

ATR-20240831 2024-08-31 13:57:37-17:30:33 12 12 HALO-20240831a_e17f

ATR-20240903 2024-09-03 16:33:28-19:51:44 12 12 HALO-20240903a_71a0

Appendix B: Setting SAFIRE ATR-42coordinated measurements into the PERCUSION context

During the ORCESTRA campaign, 10 circles were flown in coordination with the SAFIRE ATR-42. Table B1 shows the

segment ids of those circles as well as the SAFIRE ATR-42flight that was closest in time, and the number of sondes in Level 3

and Level 4 for those circles. Apart from one circle on HALO-20240827, where the system shut down (see Section 2.2), all

SAFIRE ATR-42-coordinated circles have 10 or more sondes540

Figure B1 is similar to Figure 10, but including the ATR divergence and omega estimates. Contrarily to the figure in the

main text, here the mean omega and divergence for the East Atlantic does not include the ATR values. This illustrates that the

ATR circles were mostly flown in a different environment than the larger circles. Thin yellow lines in the plot are individual

ATR circles and demonstrate the spread in the measurements.

Figure B2 further shows the distribution in integrated water vapor and how it differs between SAFIRE ATR-42 coordinated545

sondes and the others. Again, the curve for the East Atlantic excludes SAFIRE ATR-42 coordinated measurements. All dis-

tributions have a peak close to 60mm IWV, which is well above the 48mm threshold assumed for the ITCZ in the long term

mean. The distribution of ATR dropsondes has a distinguished second peak at lower IWV values (≈ 48mm), indicating that

the majority of those sondes were dropped at the edge or outside of the ITCZ.
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Appendix C: Variables in Level 3550
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Table C1. BEACH Level 3 Variables

units standard_name dimensions

object variable

Coordinates altitude m altitude altitude

launch_altitude m sonde

launch_lat degrees_north deployment_latitude sonde

launch_lon degrees_east deployment_longitude sonde

launch_time sonde

Variables flight_id sonde

interpolated_time time sonde altitude

iwv kg m-2 atmosphere_mass_content_of_water_vapor sonde

lat degrees_north latitude sonde altitude

lon degrees_east longitude sonde altitude

p Pa air_pressure sonde altitude

p_qc quality_flag sonde

platform_id sonde

q kg kg-1 specific_humidity sonde altitude

rh 1 relative_humidity sonde altitude

rh_qc quality_flag sonde

sonde_id sonde

sonde_qc aggregate_quality_flag sonde

ta K air_temperature sonde altitude

ta_qc quality_flag sonde

theta K air_potential_temperature sonde altitude

u m s-1 eastward_wind sonde altitude

u_qc quality_flag sonde

v m s-1 northward_wind sonde altitude

v_qc quality_flag sonde

vaisala_serial_id sonde

wdir degree wind_from_direction sonde altitude

wspd m s-1 wind_speed sonde altitude

Appendix D: Variables in Level 4
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Table D1. BEACH Level 4 Variables

units standard_name dimensions

object variable

Coordinates altitude m altitude altitude

circle_lat degrees_north circle

circle_lon degrees_east circle

circle_time circle

launch_time sonde

sondes_per_circle circle

Variables *_d*dx * m-1 eastward_derivative_of_* circle altitude

*_d*dx_std_error * m-1 eastward_derivative_of_* standard_error circle altitude

*_d*dy * m-1 northward_derivative_of_* circle altitude

*_d*dy_std_error * m-1 northward_derivative_of_* standard_error circle altitude

*_mean * circle altitude

circle_altitude m circle

circle_id circle

circle_radius m circle

div s-1 divergence_of_wind circle altitude

div_sonde_relevance sonde altitude

div_std_error s-1 divergence_of_wind standard_error circle altitude

omega Pa s-1 vertical_air_velocity_expressed_as_tendency_of_pressure circle altitude

omega_sonde_relevance sonde altitude

omega_std_error Pa s-1 vertical_air_velocity_expressed_as_tendency_of_pressure circle altitude

standard_error

vor s-1 atmosphere_upward_relative_vorticity circle altitude

vor_sonde_relevance sonde altitude

vor_std_error s-1 atmosphere_upward_relative_vorticity standard_error circle altitude

wvel m s-1 upward_air_velocity circle altitude

wvel_sonde_relevance sonde altitude

wvel_std_error m s-1 upward_air_velocity standard_error circle altitude

x m sonde altitude

y m sonde altitude
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Table E1. Problematic sondes

Vaisala id (or init time) Sonde id Flight Id problem procedure

234140294 0ebbb62f HALO-20240811a no valid data in L3 removed after L2

231431370 df132c3f HALO-20240818a not enough values to interpolate altitude removed after L2

140238 / 233825141 – HALO-20240821a
empty A-file

removed after L1
empty L1 file

140425 / 234020762 – HALO-20240821a
empty A-file

removed after L1
empty L1 file

140529 – HALO-20240821a
empty A-file

removed after L0
empty D-file

174603 / 233530211 8f96cae2 HALO-20240827a
empty A-file

removed after L2
no valid altitude

174847 / 234030059 e77f2e8e HALO-20240827a
empty A-file

removed after L2
no valid altitude

175216 / 234021411 183cf442 HALO-20240827a
empty A-file

removed after L2
no valid altitude

175543 / 231820683 672a747e HALO-20240827a
empty A-file

removed after L2
no valid altitude

175913 / 231220385 298e2b48 HALO-20240827a
empty A-file

removed after L2
no valid altitude

180136 / 231220384 – HALO-20240827a
empty A-file

removed after L1
empty L1 file

180450 / 234030012 – HALO-20240827a
empty A-file

removed after L1
empty L1 file

180732 – HALO-20240827a
empty A-file

removed after L0
empty D-file

234030131 91823f21 HALO-20240829a detected as floater flagged

233824584
10514909

HALO-20240914a serial id appears twice
in L3

– no launch detect

233211701
8b593afa

HALO-20240921a serial id appears twice
in L3

2e760f22 in L3

000007500
0bd0e322

HALO-20240924a serial id appears twice
once in l3 (only winds)

– no launch detect
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Table E2. Minisondes

Vaisala id (or init time) Sonde id Flight Id Reason procedure

233441164 92afabd1 HALO-20240831a minisonde

processed
w

ith
A

SPE
N

m
inisonde

config

233814578 6d733176 HALO-20240831a minisonde

233814590 3e5fce09 HALO-20240831a minisonde

233814531 df53b31c HALO-20240831a minisonde

233814533 0c1b9857 HALO-20240907a minisonde

233814535 ad7d6167 HALO-20240831a minisonde

233814536 163b9bd6 HALO-20240831a minisonde

233814537 20c81165 HALO-20240906a minisonde

233814546 22521c8e HALO-20240829a minisonde

233814577 7097c2fe HALO-20240831a minisonde

233814584 09c7657e HALO-20240829a minisonde

233814586 16fc3f82 HALO-20240829a minisonde

233814605 2d623ac0 HALO-20240831a minisonde

234141208 ff629abe HALO-20240829a minisonde

234141209 f719c43f HALO-20240829a minisonde

234141210 7dce7693 HALO-20240831a minisonde

234141211 7a2b1052 HALO-20240831a minisonde

Appendix E: Problematic sondes
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