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ABSTRACT: Boundary layer cloud transformations at high latitudes play a key role for the Arctic climate and are
partially controlled by large-scale dynamics such as subsidence. While measuring large-scale and mesoscale divergence on
spatial scales on the order of 100 km has proven notoriously difficult, recent airborne campaigns in the subtropics have suc-
cessfully applied measurement techniques using multiple dropsonde releases in circular flight patterns. In this paper, it is
shown that this method can also be effectively applied at high latitudes, in spite of the considerable differences in atmo-
spheric dynamics compared to the subtropics. To show the applicability, data collected during the airborne High Altitude
and Long Range Research Aircraft–Transregional Collaborative Research Center TRR 172-Arctic Amplification: Climate
Relevant Atmospheric and Surface Processes and Feedback Mechanisms [HALO–(AC)3] field campaign near Svalbard in
spring 2022 were analyzed, where several flight patterns involving multiple dropsonde launches were realized by two air-
craft. This study presents a first overview of the results. We find that the method indeed yields reliable estimates of meso-
scale gradients in the Arctic, producing robust vertical profiles of horizontal divergence and, consequently, subsidence.
Sensitivity to aspects of the method is investigated, including dependence on sampling area and the divergence calculation.

SIGNIFICANCE STATEMENT: The aim of this work is to report encouraging results with a recently proposed
aircraft-based method for measuring mesoscale vertical motions at high latitudes. Dropsonde data from the recent
High Altitude and Long Range Research Aircraft–Transregional Collaborative Research Center TRR 172-Arctic
Amplification: Climate Relevant Atmospheric and Surface Processes and Feedback Mechanisms [HALO–(AC)3]
campaign are used for this purpose. The method has so far mainly been applied at subtropical to midlatitudes, but not
in the Arctic, where the weather and climate conditions are very different. Gaining insight is significant because vertical
winds play a key role in the Arctic climate system, including airmass transformations and the behavior of clouds and
precipitation. The results motivate the use of the measured vertical winds in follow-up studies with process models.

KEYWORDS: Arctic; Convergence/divergence; Dropsondes

1. Introduction

The accurate representation of vertical motion, including
divergence and subsidence, is essential for model studies, par-
ticularly to represent the boundary layer and study clouds. Di-
vergence and related vertical motions (including subsidence)
change the vertical structure of the atmosphere, influencing
thermal stability and relative humidity, which in turn affect ra-
diation and cloud dynamics. Neggers et al. (2019) established
a direct link between subsidence and the life cycle of low-level
clouds in the Arctic, where strong and sudden subsidence
events were responsible for cloud collapses. This discovery,
based on Lagrangian large-eddy simulation (LES) experiments

of transitioning warm airmass intrusions into the high Arctic,
holds significant implications for the local energy budgets in the
Arctic.

Therefore, the study of subsidence is of premier impor-
tance. However, measuring subsidence presents a classic chal-
lenge in meteorology. The small signal and considerable
fluctuation of vertical motion pose obstacles to direct observa-
tion. This challenge has led to the development of various
methods to estimate and quantify subsidence. Lenschow et al.
(1999) pioneered methods to quantify horizontal divergence
through aircraft-based measurements, while Mapes and Lin
(2005) developed a method to derive divergence, and thereby
subsidence, using ground-based Doppler radar observations.
These methods rely on mass conservation for deriving the di-
vergence. While surface-based methods have been used
widely to measure subsidence (Mapes et al. 2003; Mapes and
Lin 2005; Li et al. 2018), they can be challenging to apply in
the Arctic, particularly in the central Arctic region. The re-
mote and harsh conditions of the Arctic, along with limited
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accessibility, imply serious difficulties for deploying and maintain-
ing land-based measurement systems. As a result, aircraft-based
methods offer a viable alternative for obtaining subsidence infor-
mation in these challenging environments.

Recent advancements in atmospheric research have intro-
duced a new technique for measuring vertical motion, through
dropsondes released along horizontal, circular flight patterns
by aircraft (Bony and Stevens 2019), inspired by techniques
based on Lenschow et al. (2007). Notably, campaigns like the
Next Generation Remote Sensing for Validation Studies
(NARVAL2) (Bony and Stevens 2019) and Elucidating the
Role of Clouds–Circulation Coupling in Climate (EUREC4A)
(Stevens et al. 2021) have leveraged the High Altitude and
Long-Range Research Aircraft (HALO) to execute these hor-
izontal circles in the subtropics. While the method has already
shown promise in subtropical regions (Bony and Stevens 2019;
George et al. 2021) and cold-air outbreaks in the western
North Atlantic Ocean (Li et al. 2022), its applicability to the
Arctic cannot be assumed a priori. The theoretical suitability
of this method for Arctic studies opens novel pathways to
probe the complexities of vertical motion and its implications.
The distinct atmospheric conditions in the Arctic, however,
pose unique challenges that differ from those encountered in
subtropical areas. The Rossby radius and time scale of defor-
mation decrease with latitude, causing the dynamical features
in the Arctic to be more transient and spatially constrained.
This calls into question the soundness of the stationarity as-
sumption necessary for this observational framework, as well
as the representativity of the column measurements for the
general divergence fields, which were previously established
for the subtropics (Bony and Stevens 2019). Therefore, explor-
ing the viability of this method in the Arctic context is of para-
mount importance, as it holds the potential to unravel crucial
insights into subsidence dynamics and their implications in
high-latitude regions.

The HALO–Transregional Collaborative Research Center
TRR 172-Arctic Amplification: Climate Relevant Atmospheric
and Surface Processes and Feedback Mechanisms [HALO–

(AC)3] campaign in March and April 2022 was partly designed
to evaluate the method within the Arctic context. The central
goals of the campaign include the investigation of key aspects
of atmospheric circulation such as airmass transformations and
their implications for climate dynamics in the Arctic through
quasi-Lagrangian observations (Wendisch et al. 2021). One of
the primary objectives was to study the transformations of air
masses during warm-air intrusions and cold-air outbreaks in the
Arctic region. A key focus of the campaign involved flying me-
soscale [O (100) km, 1 h] horizontal circles with HALO, during
which dropsondes are released at regular intervals along the cir-
cle. These circles can capture the area-averaged atmospheric di-
vergence and subsidence, allowing further investigations on
airmass dynamics.

This study undertakes a dual-pronged investigation with
the primary goals of determining the effectiveness of the hori-
zontal circle method and comprehensively substantiating the
feasibility of employing dropsondes for measuring the vertical
profile of mass divergence and vertical motion in the Arctic.

By integrating these objectives, this study aims to document
the circle method’s applicability in the Arctic environment.

Section 2 delves into the methodology, outlining how the ver-
tical profiles of divergence and vertical velocity can be derived
from horizontal wind measurements. Additionally, the airborne
field campaign is introduced, along with the flight strategy
adopted to test the technique. Section 3 offers the resulting ver-
tical profiles and discusses the credibility of them along with an
error analysis. Last, section 4 provides a forward-looking per-
spective on the implications of these measurements for future
airborne campaigns.

2. Data and methods

a. HALO–(AC)3 campaign

The HALO–(AC)3 campaign in March and April 2022 in
the Norwegian sector of the Arctic was a joint effort by two
collaborative programs: (i) (AC)3 (Wendisch et al. 2023) and
(ii) the Priority Program 1294 for the Atmospheric and Earth
System Research program with HALO. Both programs are
funded by the German Research Foundation [Deutsche
Forschungsgemeinschaft (DFG)]. Three airborne platforms
were used to probe and understand transforming air masses
in the region. A Lagrangian sampling approach was adopted
to track and sample air masses as efficiently and frequently as
possible during their transformation (Wendisch et al. 2024).
The campaign leveraged the unique capabilities of multiple
distinct aircraft. This study relies on the dropsonde measure-
ments launched by

• HALO: A long-range research aircraft operated by the
German Aerospace Center [Deutsches Zentrum für Luft-
und Raumfahrt (DLR)], operating from Kiruna, Sweden,
as a remote sensing platform (Stevens et al. 2019). HALO
conducted multiple circular flight patterns (150 km in diam-
eter) at different locations releasing 5–10 dropsondes with
even spacing along the flight path (Fig. 1). All circular flight
patterns took between 35 and 45 min. The platform has an
Airborne Vertical Atmospheric Profiling System (AVAPS)
dropsonde system (UCAR/NCAR-Earth Observing Labo-
ratory 1993; Hock and Franklin 1999) and uses Vaisala
RD-41 sondes (Black et al. 2017).

• Polar 5 (P5) aircraft: A low-flying aircraft operated by the
Alfred Wegener Institute (AWI), based in Longyearbyen,
Svalbard (Wesche et al. 2016), also operated as a remote
sensing platform. This aircraft conducted active and passive
remote sensing measurements, focusing on investigating
smaller-scale processes in the lower troposphere (at alti-
tudes below 3–5 km). The platform operates an AVAPS
Lite dropsonde system (Michaelis et al. 2022) also using
Vaisala RD-41 dropsondes (Vaisala 2023).

Vaisala RD-41 dropsondes measured temperature with a
resolution of 0.018C, humidity with a resolution of 0.1% RH,
and pressure with a resolution of 0.01 hPa (Vaisala 2023). The
horizontal wind velocity was derived from the global position-
ing system (GPS) with an estimated accuracy of 0.1 m s21

(Hock and Franklin 1999; Wang et al. 2015).
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This study is based on three HALO–(AC)3 research flights
(RFs) of HALO, conducted on 29 March (RF10), 30 March
(RF11), and 12 April (RF18). On all 3 days, mesoscale circles
(15 km diameter) were flown west of Svalbard. Figure 1 shows
their locations and a satellite image of the day of RF11 for ref-
erence. RF10 included a mesoscale horizontal circle close to
the North Pole but was subject to strict airspace restrictions,
by which only five dropsondes could be released. On the next
day during RF11, three circles were flown (C01 north of
Svalbard, C02 west of Svalbard, and C03), each situated to
match the most estimated southbound Lagrangian trajectories
of the air masses sampled during RF10. A total of eight drop-
sondes were deployed along the perimeter of each circle, and
two additional sondes were released in their interior. The
third flight with a circular flight pattern investigated here
(RF18) featured a single circle with 10 sondes launched on its
perimeter. Each HALO–(AC)3 flight pattern was conducted
at a height of;8 km and took up to 45-min time.

Notably on 30 March 2022, the Polar 5 executed a
gridded flight pattern with regularly spaced dropsonde re-
leases, collocated with HALO RF11’s second mesoscale cir-
cle (RF11 C02) (Fig. 1, red) at a height of ;2.5 km. This
strategic spatial collocation of flight patterns had the aim of
obtaining two independent sets of soundings for the same
area, enabling a critical assessment of the divergence calcu-
lations. For operational reasons, P5 conducted its pattern
45 min after the collocated RF11, and the pattern took 3 h
in total, because of a more complex flight pattern, but all
dropsondes on the outer edge of the pattern were dropped
within 2 h. To avoid confusion, with different numbering
of the research flights of both aircraft, this flight will not
be referred to by its flight number, but by the platform
name (P5).

b. Line-integral method

Given the dropsonde data, the first method for calculating
divergence relies on a line integral. Vertical wind velocity in
the atmosphere is related to horizontal wind divergence using
the continuity equation under the incompressibility assump-
tion. In practice, estimating the mean divergence D, and thus
subsidence, of an area A is achieved by measuring the inte-
grated horizontal velocity vh at its boundary ­A, where ­A is a
closed curve surrounding A, according to the Gauss theorem:

D 5
1
A

�
­A
vh ? n dl: (1)

This is the conceptual basis behind the line-integral method,
which utilizes the perimeter’s closed nature of measuring hori-
zontal wind either at flight level (Lenschow et al. 1999, 2007) or
with sounding profiles (Bony and Stevens 2019). The number of
observations attainable along the flight pattern is finite; therefore,
it is more appropriate to write Eq. (1) in the form of a sum:

D 5
1
A
∑
N
ydl, (2)

where N is the number of dropsondes considered, A is the
area enclosed by the flight track, and y is the radial compo-
nent to the curve. The term dl represents the length element
computed as L/N, where L is the length of the perimeter, as-
suming the sounding points are approximately uniformly dis-
tributed along the curve. The horizontal displacement of the
dropsondes from the mean coordinates of their corresponding
profiles during their descent is small and the sondes drift in
the same direction, causing only small deformations of the pat-
tern (see Fig. A1 in appendix A). We estimate that taking the de-
formation of the pattern in the vertical into account would lead
to relative changes smaller than 1% and 10% in the divergence
and pressure velocity signal, respectively (Fig. B1 in appendix B).
For simplicity of the method, we decided to disregard the hori-
zontal displacement of the dropsondes from the mean coordinate
of their corresponding profiles for this analysis. Vertical motion,
expressed from now on in terms of pressure velocity v5 dp/dt,
with the pressure p, can then be derived through the vertical inte-
gration of the D profiles over the column and accounting for the
change in air density .:

v 52g.
�z

0
D dz, (3)

where g 5 9.81 m s21 is the gravitational acceleration.

c. Regression method

An alternative method for calculating mesoscale divergence
D makes use of its dependence on the spatial gradients in the
horizontal wind field vh 5 (u, y):

D 5 = ? vh 5
­u
­x

1
­y

­y
: (4)

Under the assumption that wind fluctuations in both longitude
and latitude follow a linear pattern at every vertical level z,

FIG. 1. HALO–(AC)3 flight track patterns for three HALO
flights (RF10, RF11, and RF18; blue) and P5 (red) with the loca-
tions of the dropsonde launches (3). Satellite image at the time of
RF11 30 Mar 2022 from Terra MODIS (NASA 2022, Worldview
Snapshots) in the background, adapted in modified form from
Fig. 17a in Wendisch et al. (2024).
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the wind at any point at the circumference can be approxi-
mated by a first-order Taylor expansion from the center point
of the flight pattern (Lenschow et al. 2007):

vh 5 vh,0 1
­vh
­x

Dx 1
­vh
­y

Dy 1
­vh
­t

Dt 1 O (v′′h), (5)

with the mean wind velocity over all dropsondes being vh,0,
the eastward displacement Dx, and the northward displace-
ment Dy from the center of the circle. We can justify omitting
the time dependence (stationarity) in Eq. (5) by the significant
difference in aircraft speed compared to wind speed, making
the sampling time scale much smaller than the advective time
scale. Employing stationarity also resolves concerns arising
from the nonindependence of the aircraft’s time and space
sampling (Bony and Stevens 2019).

Inserting measured data from deployed dropsondes into
Eq. (5), after removing time derivatives and higher-order
terms, yields an overdetermined linear system of equations,
for which the least squares solution can be found through lin-
ear regression. Unlike the line-integral method, this method
does not require a closed flight path, and it can utilize all
dropsondes deployed in a constrained area during a time
frame, where stationarity is justifiable (Lenschow et al. 2007).

Most previous efforts using the regression method to calcu-
late mesoscale divergence from sonde patterns were con-
ducted in subtropical regions (NARVAL and EUREC4A)
and twice in the midlatitudes during the Aerosol Cloud Mete-
orology Interactions over the Western Atlantic Experiment
(ACTIVATE) (Li et al. 2022). At those locations, the geographi-
cal coordinate system (latitude, longitude) can be approximated

equidistant and Cartesian coordinates (x, y, z) are appropriate to
express horizontal gradients. In contrast, the HALO–(AC)3 cam-
paign target area is much closer to the North Pole, where hori-
zontal distances associated with Cartesian coordinates from
latitudes and longitudes become increasingly distorted, which
would introduce substantial errors in gradient calculations.

To effectively address this problem, we introduce the re-
gression method in a spherical coordinate system, with the
distance r from Earth’s center, the polar angle u, and the azi-
muth angle u. This enables more accurate calculations by in-
herently accommodating the curvature of Earth. By applying
a coordinate transformation from Cartesian to spherical coor-
dinates (Bronshtein et al. 2007), the regression method can
then be written as

vh 5 vh,0 1
­vh
­u

Du 1
­vh
­u

Du, (6)

D 5 = ? vh 5
1

r sin(u)
­u
­u

1
­ sin(u)y

­u

[ ]
: (7)

3. Results

For all available circular flight patterns of HALO (Fig. 1),
we calculated divergence as a function of altitude z up to a
height of 8 km using the regression method; see Fig. 2. Of all
five circles, the three central ones were flown on the same
day, sampling the low-level air mass at multiple locations. The
profile of RF10 (Fig. 2a) showcases the largest ranges of
the estimated error, which we obtained through Gaussian er-
ror propagation of the standard errors of the wind direction

FIG. 2. Vertical profiles of wind divergence D obtained by the regression method from HALO pattern flights (a) RF10 (five sondes),
(b) RF11 C01 (10 sondes), (c) RF11 C02 (10 sondes), (d) RF11 C03 (10 sondes), and (e) RF18 (10 sondes) with estimated error (shaded).
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and distance from the center of the flight pattern, obtained
through the regression analysis (appendix C). This can be at-
tributed to the reduced number of dropsonde launches for
this specific circle (only five due to airspace restrictions). Con-
sequently, the reduced sample size contributes to the higher
error range, highlighting the potential impact of limited data
on the precision of observed fluctuations.

The divergence profiles fluctuate with height around zero.
Compared to the divergence profiles, sampled in the subtropics
during NARVAL2 and the midlatitudes during ACTIVATE, we
find a narrower range of variation (2253 1026 to 253 1026 s21)
compared to up to (240 3 1026 s21 to 40 3 1026 s21) in the
previous campaigns (Bony and Stevens 2019; Li et al. 2022). A
second characteristic is the lack of coherent features in hori-
zontal divergence profiles in the lower layers compared to the
subtropics (George et al. 2023). The divergence and conver-
gence layers are much thinner than in the subtropics, where
Bony and Stevens (2019) find layers of about 2 km, while the

observed profiles in the Arctic show smaller layers below 1 km
in depth. Combined with the generally lower values of D, this
could be due to the more stable atmosphere compared to the
subtropics. More pronounced features in the lowest levels vis-
ible in RF11 C02, RF11 C03, and especially RF18 coincide
with deeper boundary layers of 0.43, 1.04, and 0.39 km, re-
spectively, while the boundary layer height of RF10 and
RF11 C01, which were both over sea ice, is very close to the
ground with 0.065 km.

To test the robustness of the horizontal circle method, and
to compare the two alternatives for calculating horizontal di-
vergence as described in section 2b, we subsequently focus on
RF11 C02, before coming back to all HALO flights to study
the dependence of the significance of the measurements on
the number of dropsondes. The results are shown in Fig. 3,
covering a shallower vertical range of up to 2.5 km, slightly be-
low the flight height of the P5 aircraft. Zooming in on this
range highlights the existence of a well-defined layer with a

FIG. 3. Vertical profiles of the mean temperature Tmean and specific humidity qmean, averaged over all dropsonde measurements
deployed during each (a) flight, (b) mass divergence D, and (c) pressure velocity v obtained from dropsonde measurements from the col-
located flight of HALO (RF11 C02) (blue) and P5 (red) aircraft on 30 Mar 2022. Regression method using all sondes R (all) (semitrans-
parent), line-integral method (dashed), and regression method using only sondes which can be included in the line-integral method R
(edge) (solid), mean divergence D, and pressure velocity v from ERA5 reanalysis (Hersbach et al. 2020) at 1100 UTC 30 Mar 2022
(approximate time of RF11 C02) and 1400 UTC (approximate time of P5), averaged over the flight areas (Figs. D1a,b), and height of the
boundary layer hBL 5 0.43 km obtained from both flights (appendix E).
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marked positive divergence, peaking at about 600-m height,
and allows for a more detailed comparison between the pro-
files from the two aircraft. Also shown are the associated verti-
cal profiles of the pressure velocity v, peaking at about 1300-m
height. For reference, mean profiles from the ERA5 reanalysis
from the European Centre for Medium-Range Weather Fore-
casts (Hersbach et al. 2020), averaged over all grid points in-
side the sampling area (Figs. D1a,b in appendix D), are also
shown, at 1100 UTC (closest time to RF11 C02) and 1400 UTC
(time central within P5 flight), together with the boundary layer
height calculated from the bulk Richardson number for both
flights (appendix E). It needs to be noted that the dropsondes
used in this study were assimilated in the ERA5 reanalysis, and
therefore, this comparison is not representative of the perfor-
mance of divergence and subsidence in the Arctic but is only
shown as a reference to a widely used reanalysis dataset for
modeling applications.

The presence of the well-defined low-level D anomaly facili-
tates (i) comparing the two calculation methods and (ii) assess-
ing the robustness of the divergence measurements. It has been
shown with subtropical sounding data that the line-integral
method and regression method yield similar results (Bony and
Stevens 2019). To revisit this question for the Arctic, we applied
both methods to the collocated measurements collected by
HALO and P5 on 30 March 2022. Note that the line-integral
method can only be applied to sondes on the outer perimeter of
the flight pattern (eight sondes for HALO and 10 sondes for
P5). To achieve a fair comparison at the same statistical level,
the regression method was applied to the same sondes used in
the line-integral method calculation. Comparing the profiles
from the regression method using all sondes to the regression
method using a reduced number of sondes shows slight differ-
ences in divergence, which appear not to be accounted for
when using only perimeter sondes. This suggests that deploying
sondes in the center of a pattern might be beneficial. A more
in-depth analysis of the statistical significance of the results us-
ing different numbers of sondes is performed later in this study.

A comparison between the results obtained from the two
flight patterns (RF11 C02 and P5) reveals satisfactory align-
ment in divergence measurements above 1 km. However, be-
low this level (around 500 m), a notable disparity emerges in
the profiles obtained from P5 measurements, diverging signifi-
cantly from those extracted from HALO data. This shift can-
not be seen in the ERA5 profiles, which seem to not only
capture this variability in time but only show a slight lifting of
the divergence profile. The observed shift could be due to
changes in the horizontal wind field during the time between
the flights, affected by the island of Svalbard in the east of the
measurement area, as seen in the mean wind profiles of u and
y (Fig. F1 in appendix F). It is possible that these differences
could be linked to lee waves, as the flight area is within the
reach of the observed lee waves (see Fig. 1). The altitude of
the differences in the profiles is similar to that of the Svalbard
mountains, which hints at an influence of lee waves. Small
changes in the flow pattern could cause shifts in the lee waves,
potentially explaining the differences. However, this remains
speculative, and we cannot confirm it based on our current
data.

Only minor discrepancies are apparent in the divergence
profiles derived from the line-integral and the regression
methods with both sonde samples, indicating the potential for
equal applicability of both methods. This finding confirms the
results of Bony and Stevens (2019), who concluded from the
similarity that the divergence measurements are not influ-
enced by sampling errors from small-scale velocity fluctua-
tions but are reflective of the mesoscale wind.

The pressure velocity profiles diverge with growing height
as a result of the upward integration of divergence profiles in-
cluding small differences. At higher altitudes, the profiles di-
verge even more, causing differences in the vertical velocity
profiles of 0.05 to 0.1 Pa s21 between 3 and 8 km for the RF11
C02 profile. Van der Dussen et al. (2016a) have shown that
subsidence variations of similar order have a potential impact
on simulated atmospheric boundary layer and cloud proper-
ties with LES of stratocumulus transitions and cannot be ne-
glected. The divergence profiles derived from different
aircraft data and methods tend to align reasonably well with
the average divergence from ERA5, but the profiles at the in-
dividual grid points show high variability (Fig. D1). All drop-
sondes deployed during HALO RF11 (32) have been
assimilated into ERA5, making a direct comparison difficult
and an evaluation of ERA5 based on these results impossible.
When compared to data from the ACTIVATE campaign,
ERA5 profiles show less agreement and significant temporal
variations in the divergence profile (Li et al. 2022), which is in
line with a comparison for the other flights (Figs. D2, D3, D5,
and D6), during which fewer dropsondes have been deployed
and not all have been assimilated (10 out of 18 for RF10 and 5
out of 20 for RF18). However, compared to the EUREC4A
campaign, ERA5 and the observations for all flights showed
good agreement (George et al. 2023).

To further characterize the agreement on divergence ampli-
tude and vertical structure between independent datasets, a
correlation analysis is performed. HALO data are binned by
height and correlated against P5 data for this location (Fig. 4).
As the previous analysis shows similar results for the regres-
sion and the line-integral methods, the regression method will
be used for the remainder of the study, as it can utilize all
dropsondes and works for varying numbers of dropsondes
that do not have to be arranged along a closed line. The data
are classified into height bins of 50 m (about 10 data points
per bin). The associated correlation coefficient is 0.734. The
correlation fit is slightly tilted compared to the one-to-one
line, which could be caused by small changes in the wind flow
in between measurements or originate from a longer flight
time of the P5 aircraft, but lies within the errors of the meas-
urements and the fit.

As described in section 2a, we performed different flight
patterns with different numbers of sondes. In accordance with
the outcomes of preliminary model analyses conducted in ad-
vance of the campaign, a decision was made to employ 10
sondes for each circular flight pattern, except for RF10 for
reasons of operational limitations. In the case of the rectangu-
lar flight pattern executed by P5, the strategic decision was
made to launch 15 sondes to enhance spatial coverage and
comprehensiveness. In Fig. 5, we present the estimated errors
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resulting from the linear regression across varying quantities
of sondes. This exercise aims to examine the relationship be-
tween the number of sondes and the corresponding uncer-
tainty to obtain the optimal number of sondes required for
the method with the potential to streamline costs by minimiz-
ing the number of deployed sondes while maintaining suffi-
ciently good results for forthcoming campaigns. For each
distinct flight pattern, divergence profiles were computed for
every feasible combination of sondes, with a minimum thresh-
old of five sondes. The mean vertical estimated error of all
profiles sharing the same sonde count is depicted using a box-
plot representation. Given the substantial similarity in results,
the data from all three circles of RF11 were combined in one
boxplot. Analyzing the P5 measurements, we identified a
power-law relationship governing the dependence of the esti-
mated error on the number of sondes N:

Err(D) 5 aN2b 1 c: (8)

The corresponding fit parameters are shown in Table G1. The
displacement of the power-law curve appears to correlate
with the synoptic conditions, which were different between
RF18 and RF11, with a weak cold-air outbreak present during
RF10 and RF11 and a strong inversion above the surface in
the lowest 500 m and Arctic cirrus on RF18. The estimated er-
ror derived from both the P5 and HALO measurements on
these specific dates exhibited a notable degree of similarity.
The first derivative of the fit functions for all cases reduces by
80% between N 5 5 and N 5 10 and even 85%–90% for
N 5 12 sondes, showing a significant convergence in the esti-
mated error of the divergence measurement. Based on the re-
sults of this analysis, we recommend using 10–12 sondes per
pattern to estimate divergence on a scale of 150 km for Arctic
research campaigns. This takes into account the possibility of

sonde failures and aligns with the suggestions made by Bony
and Stevens (2019) for subtropical regions.

4. Conclusions

In this study, data from dropsondes launched in mesoscale
synoptic situations during multiple flights of the HALO–

(AC)3 campaign in the Norwegian sector of the Arctic were
used to calculate divergence profiles and derive mesoscale
vertical velocity (subsidence). The twofold objective is to test
the robustness of this method at high latitudes and to compare
alternative calculation methods. The regression method and
the line-integral method have demonstrated almost equiva-
lent effectiveness at high latitudes, similar to findings from
previous campaigns in the subtropics. We conclude a remark-
able agreement observed in both amplitude and vertical struc-
ture of mesoscale divergence as obtained from disparate and
independent sonde datasets collected by different aircraft
over the same target area. Minor differences in divergence
between the two datasets are likely caused by small changes
in the flow between the sampling times of the two flights
(approximately 45 min).

An error analysis confirms a nonlinear decrease in the esti-
mated error DD with increasing dropsonde numbers ex-
plained well by a power-law relationship, similar to results
from previous studies in the subtropics. Based on these re-
sults, we recommend an optimal range of 10–12 dropsondes
per mesoscale pattern, striking a balance between statistical
significance and cost efficiency, while also accounting for
potential sonde failures. This number could be useful for
planning future airborne campaigns for measuring mesoscale
divergence.

The importance of subsidence as a forcing factor for LES
and single-column models (SCMs) (Mirocha and Kosović
2010; Neggers 2015; Young et al. 2018; van der Linden et al.
2019) makes this dataset relevant for future modeling

FIG. 5. Vertically averaged estimated error of divergence Err(D)
for all possible combinations of sondes N (minimum five sondes)
from the regression method (boxplots, outliers not shown, RF11
and RF18 displaced for better visualization) and data from all
circles of RF11 combined in one boxplot for better readability.
Mean estimated error of all combinations x, estimated error for
maximum number of sondes (bold marker), and power-law fit
DD 5 aN2b 1 c for RF11 C01 (dotted), RF11 C02 (dashed),
RF11 C03 (dash dotted), RF08, and RF18; see Table G1 in
appendix G for fit parameters.

FIG. 4. Correlation between divergence profiles from HALO
(RF11 C02) and P5 measurements on collocated flights for differ-
ent heights (binned into bins of 50 m) (color scale) on 30 Mar 2022
obtained via regression method, correlation coefficient r 5 0.734
and correlation fitDP55 (0.6626 0.0083 DHALO1 (7.8263 1027 6

6.55 3 10213) s21 (gray line), both excluding four outliers at 500 m
(shaded).
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activities. LESs and SCMs are frequently used to test or de-
velop physical parameterization schemes while requiring the
prescription of a reliable representation of the mesoscale dy-
namics. Information about the subsidence conditions is fed
into these models in the form of divergence or vertical veloc-
ity profiles that are either constructed in an idealized manner
or more frequently simply acquired from reanalysis products,
at times in combination with crude estimates from in situ ob-
servations. Models tend to be highly sensitive to small changes
in the imposed subsidence conditions (Mirocha and Kosović
2010; van der Dussen et al. 2016b; Young et al. 2018) which
calls for a more carefully considered source for this kind of
forcing information. Even though the ERA5 divergence verti-
cal profile in the area of the collocated patterns is in overall
agreement with its observationally constrained counterpart}
which in itself could be the result of the assimilation of the
abundant dropsonde profiles available for that time period}
this is not always the case. Therefore, the use of reanalysis
products for forcing SCM or LES models is less than optimal.
The dataset presented in this study offers a more realistic de-
piction of the mesoscale vertical motion, while the use of dif-
ferent derivation methods, flight patterns, and amounts of
dropsondes provides a meaningful uncertainty range, within
which the sensitivity of the models could be transparently
investigated.

The results obtained in this study motivate various future
research efforts. While the general circulation during the
selected flights was relatively stable and slow changing, the
encouraging results obtained for these conditions invite ex-
ploring different weather regimes in the Arctic further. Inves-
tigating different flight patterns and assessing the impact of
nonuniformly spaced dropsondes could further facilitate the
broader application of this method for flights with more di-
verse research objectives. Finally, expanding our knowledge
on vertical motion at high latitudes furthers our general un-
derstanding of the Arctic’s atmospheric dynamics and climate,
could guide the coordination of future airborne campaigns in
the region, and contributes to the advancement of atmo-
spheric science in general.
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APPENDIX A

Horizontal Displacement of Dropsondes

Figure A1 shows vertical profiles of the horizontal displace-
ment of the dropsondes from the location of their release, to
quantify the drift.
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APPENDIX B

Variability in the Line-Integral Method

Figure B1 shows the relative frequency distribution of
the absolute differences in the divergence and pressure
velocity profiles calculated with the line-integral method,
when disregarding or accounting for potential deformation
of the patterns with height.

FIG. A1. Vertical profiles of horizontal displacement of dropsondes from the location of release at t0 in (a) latitude lat 2 lat(t0), (b) longitude
lon2 lon(t0), and (c) maximum horizontal displacement.

FIG. B1. Relative frequency distribution of the absolute differences in the (left) divergence and (right) pressure
velocity profiles calculated with the line-integral method, when disregarding or accounting for potential pattern defor-
mation with height (D, V and Dvar, Vvar, respectively). For the RF11 C02 flight (blue), pattern deformation includes
changes in both the circle radius and relative dropsonde distances; for P5 (red), only changes in the area enclosed by
the flight track are considered.
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APPENDIX C

Error Estimation

The error of divergence Err(D) and the error of vertical veloc-
ity Err(v) are obtained through Gaussian error propagation
(Bronshtein et al. 2007) of the standard error of the velocity meas-
urements and the distance from the center of the flight pattern:

Err[j(z)] 5

�����������������������������
∑

NSondes

k51
[j(z,k) 2 j(z)]2

√

NSondes
, (C1)

for j 2 {u, y}. The error estimation of the horizontal gradi-
ent (x 2 {u, f}) is then given by

Err
­j

­x

( )
5

Err(j)�������������������
∑

NSondes

k51
(x 2 x)2

√ , (C2)

and the error on divergence Err(D) is calculated as

Err(D) 5 1
sin(u)

����������������������������������
Err

­u
­f

( )[ ]2
1 Err

­y

­u

( )[ ]2√√√
, (C3)

and vertical velocity Err(v) for each height zi is calculated
as

Err[v(zi)] 52g.
�zi

0
Err[D(z)]dz, (C4)

with g 5 9.81 m s21 and the mean air density ..

APPENDIX D

Profiles from Regression Method and Line-Integral
Method with ERA5 for All Grid Boxes

Figures D1–D6 show a comparison of vertical profiles of
temperature and specific humidity, divergence, and pressure
velocity of ERA5 to the observations with the line-integral
method and the regression method for all flights.
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FIG. D1. Dropsonde locations of (a) RF11 C02 and (b) P5 and corresponding grid points of ERA5 [1100 UTC 30 Mar 2022 in (a) and
1400 UTC 30 Mar 2022 in (b)] inside the sampling area, vertical profiles of divergence D from (c) RF11 C02 and (d) P5 and pressure
velocity V from (e) RF11 C02 and (f) P5 at all grid points of ERA5 within the sampling area (light gray), averaged over all ERA5 grid
points within the sampling area (black), and from dropsondes obtained with the regression method using all dropsondes [solid R (all)] and
line-integral method (dashed L).
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FIG. D3. (a) Vertical profiles of temperature T and specific humidity q, (b) vertical profiles of divergence D, and (c) pressure velocity V
at all grid points of ERA5 within the sampling area (light gray), averaged over all ERA5 grid points within the sampling area (black), and
from dropsondes obtained with the regression method (blue) and line-integral method (blue, dashed), and (d) dropsonde locations of
RF11 C01 and grid points of ERA5 (1000 UTC 30Mar 2022) inside the sampling area.

FIG. D2. (a) Vertical profiles of temperature T and specific humidity q, (b) vertical profiles of divergence D, and (c) pressure velocity V
at all grid points of ERA5 within the sampling area (light gray), averaged over all ERA5 grid points within the sampling area (black), and
from dropsondes obtained with the regression method (blue) and line-integral method (blue, dashed), and (d) dropsonde locations of
RF10 and grid points of ERA5 (1400 UTC 29 Mar 2022) inside the sampling area.
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FIG. D5. (a) Vertical profiles of temperature T and specific humidity q, (b) vertical profiles of divergence D, and (c) pressure velocity V
at all grid points of ERA5 within the sampling area (light gray), averaged over all ERA5 grid points within the sampling area (black), and
from dropsondes obtained with the regression method (blue) and line-integral method (blue, dashed), and (d) dropsonde locations of
RF11 C03 and grid points of ERA5 (1200 UTC 30Mar 2022) inside the sampling area.

FIG. D4. (a) Vertical profiles of temperature T and specific humidity q, (b) vertical profiles of divergence D, and (c) pressure velocity V
at all grid points of ERA5 within the sampling area (light gray), averaged over all ERA5 grid points within the sampling area (black), and
from dropsondes obtained with the regression method (blue) and line-integral method (blue, dashed), and (d) dropsonde locations of
RF11 C02 and grid points of ERA5 (1100 UTC 30 Mar 2022) inside the sampling area.
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APPENDIX E

Boundary Layer Height Calculation

The boundary layer height hBL is calculated as the height,
where the bulk Richardson number Rib exceeds a critical
threshold of Rib,crit 5 0.25 following the implementation in
IFS CY43RL (ECMWF 2016). The moist static energy sy is
calculated for each level n as

sy ,n 5 CpTn(1 1 «qn) 1 gzn, (E1)

with the specific heat capacity of air Cp 5 1003 J g21 K21, the
temperature at each level Tn in kelvins (K), the specific humid-
ity at each level qn, the gravitational constant g 5 9.81 m s22,
the height of each level zn in meters (m), and « 5 0.61. To-
gether with the squared wind velocity v 5 (u, y) at each level,

|vn|2 5 u2n 1 y2n, (E2)

the bulk Richardson number Rib is calculated as follows:

Rib,n 5 zn
2g(sy ,n 2 sy ,0)

[sn 1 s0 2 g(zn 1 z0)]|v|2
: (E3)

The boundary layer height is then hBL 5 z(Rib,n 5 Rib,crit).

APPENDIX F

Mean Profiles of Horizontal Wind

Figure F1 shows vertical profiles of the horizontal wind
velocities and hodographs for the colocated flights.

FIG. D6. (a) Vertical profiles of temperature T and specific humidity q, (b) vertical profiles of divergence D, and (c) pressure velocity V
at all grid points of ERA5 within the sampling area (light gray), averaged over all ERA5 grid points within the sampling area (black), and
from dropsondes obtained with the regression method (blue) and line-integral method (blue, dashed), and (d) dropsonde locations of
RF18 and grid points of ERA5 (1000 UTC 12 Apr 2022) inside the sampling area.
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APPENDIX G

Fit Parameters of Error Statistics

Table G1 shows fit parameters of error statistics for RF11
C01, RF11 C02, RF11 C03, P5, and RF18.

FIG. F1. Vertical profiles of horizontal wind velocities (a) u and (b) y and (c) hodograph for collocated flights RF11 C02 and P5 and wind
rose plots for (d) RF11 C02 and (e) P5.

TABLE G1. Fit parameters of error statistics for RF11 C01,
RF11 C02, RF11 C03, P5, and RF18 (see Fig. 5), fitted to a
power-law function for the estimated error of divergence
D: Err(D) 5 a(1/Nb)1 c, where N is the number of sondes and
a, b, and c are the fit parameters.

Flight a (1026 s21) b c (1026 s21)

RF11 C01 74.64 6 1673.96 1.30 6 0.29 1.21 6 8.84
RF11 C02 59.15 6 680.22 1.29 6 0.19 0.98 6 3.72
RF11 C03 69.37 6 994.72 1.30 6 0.20 1.15 6 5.16
P5 139.08 6 385.05 1.74 6 0.01 2.35 6 0.08
RF18 105.75 6 6536.18 1.32 6 0.55 1.88 6 30.32
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