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Abstract.

Glaciers are an integral part of the high mountain environment and interact with the overlying atmosphere and surrounding

terrain in a complex and dynamic manner. The energy exchange between the glacier surface and the overlying atmosphere

controls ice melt rates and promotes the formation of a low-level katabatic jet that interacts with other, often thermally driven

winds in alpine terrain. Information on local circulations and the structure of the atmospheric boundary layer over glaciers5

is crucial for studying cryosphere-atmosphere interactions and for investigating the characteristics of the katabatic wind, its

broader cooling effect, and its susceptibility to be disrupted by strong valley or synoptic winds that promote heat advection

from the ice- and snow-free periphery towards the glacier. While the number of ground-based measurements from weather

stations and meteorological towers installed on glaciers for boundary layer research has increased in recent years, a lightweight

and mobile measurement technique for atmospheric sounding over alpine glaciers has not yet been available. Here we describe10

a new measurement technique based on a low-cost and open-source fixed-wing UAV, which allows sounding the atmospheric

boundary layer over glaciers up to several hundred metres above the surface. In the frame of a feasibility study in 2021,

two half-day (16 June, 23 September) and two 24-hour campaigns (9/10 July, 25/26 August), including nocturnal soundings,

were performed, demonstrating the UAV’s capability to reach heights of up to 800 m above the glacier surface. From these

campaigns, 40 profiles of air temperature, specific humidity, wind speed, wind direction, and turbulence were derived. The15

results highlight characteristic features of the glacier boundary layer, including a persistent surface-based inversion, a cool and

dry katabatic wind confined to the lowest 50 m AGL, an overlying shear layer, and a warmer, often more humid valley wind

above 100–200 m AGL. These observations illustrate how the boundary layer structure responds to synoptic forcing and local

circulations and demonstrate the potential of UAV-based atmospheric soundings for advancing glacier meteorology in complex

alpine terrain.20

1 Introduction

Glaciers and ice caps are an integral part of the high mountain environment, interacting with the overlying atmosphere and

surrounding terrain in a complex and highly dynamic manner. The spatially and temporally highly variable energy exchange
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between the glacier surface and the atmosphere strongly controls ice melt rates and promotes a characteristic microclimate,

including the formation of katabatic winds, which interact with other, often thermally driven, winds in alpine terrain (e.g. Oer-25

lemans, 2010; Farina and Zardi, 2023). A sound understanding of the principles of multi-scale glacier–atmosphere interactions

in alpine terrain and their sensitivity to climate change is essential for accurate and reliable projections of future glacier mass

loss (e.g. Mott et al., 2020; Jouberton et al., 2022; Shaw et al., 2023, 2024). Projections of the future evolution of mountain

glaciers are, in turn, not only relevant in the context of sea-level rise and freshwater management (e.g. Huss and Hock, 2018;

Rounce et al., 2023), but also fundamental for assessing future local changes in the mountain-valley wind system and potential30

impacts on air temperature and precipitation in glacier forefields related to shrinking ice and snow cover at higher elevations

(e.g. Potter et al., 2018; Salerno et al., 2023).

While the general structure of the atmospheric boundary layer over mountain glaciers and the key processes driving local

circulations in glacierised terrain are relatively well understood, less is known about how these circulations vary regionally and

how they are modified by glacier characteristics, topography, and synoptic forcing. Katabatic winds, in particular, have been35

studied extensively, as a melting glacier surface in summer (snow or ice at 0 °C) efficiently cools the warmer air aloft and

causes a density-driven downslope flow (e.g. Ohata, 1989; Van Den Broeke, 1997a, b; Greuell and Böhm, 1998; Oerlemans

and Grisogono, 2002). The maximum wind speed of the katabatic jet is typically reached within a few metres above the surface

(Van Den Broeke, 1997b; Oerlemans, 2010; Mott et al., 2020; Nicholson and Stiperski, 2020), while its cooling influence can

extend up to 100 m (Oerlemans and Vugts, 1993; Van Den Broeke, 1997a).40

An upslope wind advecting warm and moist air from the valley usually develops during the day above the cold and dry

downglacier katabatic flow (Van Den Broeke, 1997b). The katabatic wind is generally persistent, but can be disturbed, es-

pecially near the glacier terminus, by strong synoptic flow or a pronounced valley wind (Oerlemans and Grisogono, 2002;

Mott et al., 2020; Nicholson and Stiperski, 2020; Shaw et al., 2024). Such disturbances, and the associated advection of warm

air from the glacier periphery and enhanced turbulent heat exchange, can locally and temporarily increase glacier melt (Mott45

et al., 2020; Shaw et al., 2024). More broadly, the response of near-surface circulations over glaciers to a warming environment,

whether through strengthening, weakening, or structural change, will directly impact the future energy and mass balance of

mountain glaciers.

Assessing the impact of climate change on the structure of the boundary layer and the local circulation in glacierised moun-

tain environmentsis is difficult because long-term glacio-meteorological observations of thermally driven winds in glacierised50

terrain remain scarce and are usually restricted to a handful of high-elevation sites. A recent comparative study in the Swiss

Alps showed that the cooling effect of katabatic winds (1–7 °C on warm afternoons) varies widely between sites, depending

not only on glacier size but also on the resistance of the katabatic layer to intrusion of warm valley air, which in turn is strongly

controlled by local topography and valley orientation (Shaw et al., 2024). Observations from the Himalaya suggest that the

increasing thermal contrast between glacier and non-glacier terrain has strengthened the katabatic wind and lowered the ele-55

vation of the convergence zone between cold-dry and warm-moist flows, thereby cooling and drying proglacial areas (Salerno

et al., 2023). Conversely, the ongoing shrinkage of glaciers will eventually weaken or even eliminate katabatic winds, as shown

by recent measurements on retreating glaciers (Shaw et al., 2023), with debris cover further promoting disruption (Nicholson
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and Stiperski, 2020). In mountain valleys that are projected to become ice-free, climate model simulations suggest that warm

air is likely to be advected further up the valley by local winds (Potter et al., 2018).60

While automatic weather stations operated continuously or temporarily on mountain glaciers worldwide have provided

valuable insights into near-surface winds, temperature fields, and energy fluxes (e.g. Greuell and Böhm, 1998; Oerlemans and

Grisogono, 2002; Shea and Moore, 2010; Petersen and Pellicciotti, 2011; Shaw et al., 2016; Steiner and Pellicciotti, 2016;

Shaw et al., 2017; Mott et al., 2020; Nicholson and Stiperski, 2020; Shaw et al., 2021, 2023, 2024), techniques for atmospheric

sounding on mountain glaciers to greater heights remain scarce. Yet, atmospheric soundings are crucial for resolving the vertical65

structure of the boundary layer over glaciers and for investigating the interactions between thermally driven local circulations

(i.e. glacier, valley and slope winds) and the free atmosphere (e.g. Oerlemans, 2010). Traditional mast or tower measurements

can extend the vertical range, but they are logistically demanding and limited to only a few metres above the glacier surface

(e.g. Oerlemans and Vugts, 1993; Oerlemans et al., 1999; Litt et al., 2015).

Glacio-meteorological experiments with a large tethered balloon on Vatnajökull in Iceland (Oerlemans et al., 1999) and on70

Pasterze in the Austrian Alps (Van Den Broeke, 1997a, b; Oerlemans and Grisogono, 2002) enabled soundings up to several

hundred metres above the surface already two decades ago, but to the authors’ knowledge, no comparable soundings have

been conducted on mountain glaciers since the Pasterze experiment in 1994, largely due to logistical and financial constraints.

More recently, Unoccupied Aerial Vehicles (UAVs) have emerged as a promising, low-cost alternative for boundary-layer

research, and have been successfully deployed in polar regions such as Antarctica, Greenland, and Iceland (e.g. Reuder et al.,75

2009; Cassano, 2014; Jonassen et al., 2015; Cassano et al., 2016; Lampert et al., 2020; Hansche et al., 2023). However, their

feasibility for atmospheric sounding over alpine glaciers has not yet been demonstrated.

The aim of this study was therefore to develop a low-cost, open-source fixed-wing UAV for atmospheric boundary layer

research on alpine glaciers and to evaluate its suitability for investigating glacier-atmosphere interactions and local circulations

in complex terrain. To this end, we conducted two half-day (June and September) and two 24-hour (July and August) mea-80

surement campaigns on the Kanderfirn in the Swiss Alps in 2021 under contrasting synoptic conditions. Here, we describe the

developed measurement system and present the atmospheric data collected during the four campaigns, and discuss the benefits,

challenges, and limitations of using fixed-wing UAVs to study the structure of the boundary layer and local circulations in

glacierised high mountain environments.

2 Study area85

The Kanderfirn (46.47°N, 7.78°E), a south-west-facing valley glacier in the Swiss Alps (see Fig. 1), was selected as the

test site for the UAV-based atmospheric soundings because its setting is well suited to investigate how alpine terrain and

synoptic flow influence the occurrence of typical local circulations (i.e., katabatic, valley, and slope winds) and the structure

of the atmospheric boundary layer over a mountain glacier. In addition, considerable experience with UAV operations on this

glacier is available from previous field campaigns (Groos et al., 2019, 2022; Messmer and Groos, 2024). The glacier currently90

covers an area of approximately 12 km2 and extends from 2300 m above sea level (m a.s.l.) at the tongue to 3200 m a.s.l. in
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Figure 1. Overview of the alpine test site for the UAV-based atmospheric soundings and schematic of the synoptic flow and hypothesised

dominant local winds on the Kanderfirn in the Swiss Alps. The approximate location of the nearby weather stations is indicated. The 3D

model in the background is based on the SWISSIMAGE (orthophoto) and the swissALTI3D (digital surface model) from 2018, both provided

by Swisstopo.

the accumulation area. To the north, it is bounded by the steep Blüemlisalp massif, which reaches a maximum elevation of

3661 m a.s.l. (for a detailed description of the study area, see Groos et al., 2019).

During the campaign on 16 June 2021, at the beginning of the melt season, the glacier surface was still fully snow covered

(see Fig. 4), with a snow depth of about 2 m in the sounding area. Snow-free conditions prevailed during the subsequent cam-95

paigns. Three automatic weather stations (see Fig. 1) operated by the WSL Institute for Snow and Avalanche Research (SLF)

are located in the vicinity of the glacier: one at Fisistock (46.4715°N, 7.6739°E; 2160 m a.s.l.), one at Gandegg (46.4293°N,

7.7606°E; 2720 m a.s.l.), and one at Sackhorn (46.4397°N, 7.7662°E; 3200 m a.s.l.). These stations provide valuable supporting

data for the broader interpretation of the atmospheric soundings.

3 Synoptic situation100

On 16 June 2021, a pronounced ridge over central Europe (see Fig. 2a) created stable and warm conditions across the Bernese

Alps (see Fig. 3). Subsidence maintained mostly clear skies and weak synoptic forcing, favouring the development of local

valley circulations and thermally driven winds in the Kanderfirn area. During 9 to 10 July, on the contrary, the region was

influenced by a cyclonic episode associated with a broad trough to the northwest of the Alps (see Fig. 2b). On the morning of 9
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Figure 2. Synoptic situation at the time of the measurement campaigns on 16 June (a), 9 July (b), 25 August (c) and 23 September 2021 (d).

The synoptic weather charts show the atmospheric thickness between the 1000 and 500 hPa pressure levels derived from ERA5 data.

July, before the start of the campaign, rainfall persisted in the area, but following the passage of a cold front, warmer and drier105

air was advected towards the study site (see Fig. 3). At the end of August, the conditions on the northern side of the Alps were

relatively cool and stable (see Figs. 2c and 3). On 25 to 26 August, shallow moist layers favored stratus formation, while the

middle and upper troposphere remained dry and stable, limiting convective development. Finally, on 23 September, a strong

anticyclone extended over central Europe (see Fig. 2d), producing clear, dry, and calm weather in the Bernese Alps. As in June,

the absence of a significant synoptic forcing favoured the study of local and thermally driven winds on the glacier.110
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Figure 3. Temperature (a), relative humidity (b), wind speed (c), and wind direction (d) recorded at the Sackhorn weather station in 2021

during two-day periods comprising the campaigns in June, July, August, and September.

4 Methodology

4.1 Unoccupied Aerial Systen

For the atmospheric sounding of the boundary layer over alpine glaciers, we designed a lightweight Unoccupied Aerial System

(UAS) using low-cost and open-source software and hardware developed within the framework of the Paparazzi UAV project

(Hattenberger et al., 2014). The UAS is very similar to the one presented by Groos et al. (2019) for photogrammetric surveys in115

alpine terrain and consists of a ground segment, an airborne segment (i.e. the UAV) and a communication segment. A mobile

and lightweight ground control station (GCS) is necessary in the field for the configuration, monitoring and control of the UAV.

Our GCS consists of a rugged outdoor laptop running the Paparazzi software, a remote control (Graupner HoTT mx-16 2.4

GHz) for manual operation of the UAV and a bi-directional wireless modem (XBee Pro S2B 2.4 GHz) for communication

between the GCS and the UAV. The wireless modem supports both telemetry (downlink) and telecontrol (uplink).120

The fixed-wing UAV for atmospheric sounding (see Fig. 4) was built from scratch and has a wingspan of 160 cm. We

used expanded polypropylene (EPP) fuselage parts available from the aeromodelling community to build two identical flying

wings. The centrepiece of the UAV is the open-source autopilot (Apogee v1.0) that supports automatic and autonomous flight

(Hattenberger et al., 2014). It was developed as part of the Paparazzi UAV project and can be replicated using the hardware
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Figure 4. UAS and local conditions during the first measurement campaign on 16 June 2021. (a) The Kanderfirn was completely snow-

covered. The provisional weather vane (green flag) indicates the cold and dry katabatic wind that prevailed during the entire campaign. (b)

Close-up view of the low-cost and open-source fixed-wing UAV equipped with a temperature and humidity probe (SHT75).

design published online (https://wiki.paparazziuav.org/wiki/Apogee/v1.00). A rear-mounted brushless electric motor (Hacker125

A30-12XL V4) with carbon folding propellers in pusher configuration provides the necessary thrust. Two digital servomotors

(KST DS145 MG) control the ailerons. For automatic flight and communication with the GCS and remote control, the UAV

is equipped with a Global Navigation Satellite System (GNSS, Drotek U-blox NEO-M8T), a wireless modem (XBee Pro S2B

2.4 GHz) and a receiver (Graupner HoTT mx-16 2.4 GHz). A 5000 mAh lithium polymer battery powers the whole system

and supports flight times up to 45 minutes. Several small lights on the UAV enable atmospheric sounding at night. A digital130

humidity and temperature sensor (Sensiron SHT75), with an accuracy of ± 1.8 % for relative humidity and of ± 0.3 °C for air

temperature (Sensirion, 2024), is connected to the autopilot. The sensor is housed in a white tube to protect it from direct solar

radiation (see Fig. 4). During the flight, air flows through the tube from the front to the back, ensuring adequate ventilation of

the sensor. All collected data is stored on an SD card and syncronised using the clock of the autopilot. In total, the UAV weighs

less than 2 kg and costs about 1200 EUR (excluding the GCS and remote control).135

To cross-calibrate the temperature and humidity sensors on both UAVs (A2NO1 III and A2NO1 IV), a 24-hour intercompar-

ison measurement was performed indoors from 4 to 5 June 2021 with an independent reference logger (see Fig. A1). A fan in

front of the two UAVs and reference logger ensured adequate ventilation of the sensors. The mean difference in air temperature

between both SHT75 sensors was 0.43 °C and the mean difference in relative humidity was 1.5 % (see Fig. A2).
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4.2 Atmospheric soundings140

The air column sounded by the fixed-wing UAV was located in the central lower part of the glacier (46.46989°N, 7.777853°E,

2430 m a.s.l.), about 1 km from the terminus (see Fig. 1). A total of 40 flights, each (except one) consisting of two vertical

profiles, were conducted during the four campaigns in 2021 (see Table 1). Two half-day campaigns were carried out on 16 June

(8 flights) and 23 September (5 flights), and two 24-hour campaigns, including nocturnal soundings, on 9/10 July (14 flights)

and 25/26 August (13 flights). Take-off (i.e., hand launch) and landing of the UAV on the glacier were performed manually145

during the first three campaigns. For the last campaign, a bungee rope fixed into the glacier with an ice screw was successfully

introduced to reduce the risk of failure during take-off. Planned take-offs on the hour were occasionally delayed due to poor

GPS accuracy (see Table 1).

For the vertical soundings, the UAV automatically followed a pre-programmed flight plan to measure air temperature and

relative humidity up to 400 m (see Fig. 5). To demonstrate the feasibility of extending soundings to greater heights, one flight150

at the end of the August campaign was conducted up to 800 m above ground level (m a.g.l.). After a rapid ascent, the UAV

always circled for 60 s at the predefined maximum height (see Table 1) to allow the SHT75 sensor to adapt to the ambient

air. The descent was performed in a spiral with constant throttle and a radius of 75 m to enable derivation of wind speed and

direction from the GNSS data (see Section 4.3). A low mean sink rate on the order of 2 m s−1 (see Fig. B1) was chosen to

minimise the effect of sensor inertia (5 s for air temperature and 8 s for relative humidity to reach 63% of a signal change).155

Once the UAV descended to less than 10 m a.g.l., the sounding was repeated. A complete sounding (consisting of two ascents

and two descents) took approximately 15 minutes.

4.3 Data processing and analysis

The meteorological data (air temperature, relative humidity and air pressure) and flight recorder data (e.g. roll, pitch, yaw,

battery voltage) collected during each sounding are stored in two different log files, which are synchronised using the clock160

of the autopilot. While the meteorological data are stored in a human readable text file, the flight recorder data are stored in

a binary file that is decoded using checksums for further analysis. Decoding, post-processing and reformatting of the data is

performed by the open-source FORTRAN software package mmp (mobile measurement post-processing) by Philipp (2024),

which assigns all sensor messages to unified time steps and detects take-offs, touch-downs and outliers in the messages from

the GNSS module. Time lag correction for the SHT75 sensor and calculation of horizontal wind components can also be165

performed by this package.

For the analysis of vertical and temporal variations of air temperature, humidity, wind speed, wind direction and turbulence

over the glacier surface, only the data from the two consecutive descents (i.e. downward spirals) of each flight were considered,

because the measurements from the two ascents are strongly affected by the rapid rate of climb (see Figs. 5, 6). To account for

sensor response times (τ = 5 s for temperature, τ = 8 s for humidity), we applied a time-lag correction to the descent profiles,170

followed by a Gaussian low-pass filter (σ = 1/3 s) to limit noise amplification. The first descent of each sounding lacks data

from the lowest metres above the surface, as the uneven terrain and GPS accuracy did not support flying below 10 m AGL
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Table 1. Key figures of the UAV-based atmospheric soundings on 16 June, 9/10 July, 25/26 August and 23 September 2021.

Campaign UAV Takeoff Landing Max. height Campaign UAV Takeoff Landing Max. height

date name time time (m AGL) date name time time (m AGL)

2021-06-16 A2NO1 III 10:41 10:51 250 2021-07-10 A2NO1 IV 10:03 10:19 400

2021-06-16 A2NO1 III 11:10 11:22 350 2021-07-10 A2NO1 IV 12:00 12:15 400

2021-06-16 A2NO1 III 12:00 12:12 350 2021-08-25 A2NO1 IV 12:00 12:16 400

2021-06-16 A2NO1 IV 13:24 13:41 350 2021-08-25 A2NO1 IV 14:00 14:15 400

2021-06-16 A2NO1 IV 14:01 14:17 350 2021-08-25 A2NO1 IV 16:00 16:15 400

2021-06-16 A2NO1 IV 15:07 15:23 400 2021-08-25 A2NO1 III 20:44 20:59 400

2021-06-16 A2NO1 IV 16:00 16:15 400 2021-08-25 A2NO1 III 22:09 22:25 400

2021-06-16 A2NO1 IV 16:45 17:00 400 2021-08-26 A2NO1 III 00:04 00:18 400

2021-07-09 A2NO1 IV 12:09 12:25 400 2021-08-26 A2NO1 III 02:07 02:22 400

2021-07-09 A2NO1 IV 13:00 13:15 400 2021-08-26 A2NO1 III 04:01 04:15 400

2021-07-09 A2NO1 IV 14:00 14:15 400 2021-08-26 A2NO1 III 06:14 06:18 400

2021-07-09 A2NO1 IV 15:00 15:14 400 2021-08-26 A2NO1 III 08:02 08:16 400

2021-07-09 A2NO1 IV 16:00 16:15 400 2021-08-26 A2NO1 III 10:09 10:23 400

2021-07-09 A2NO1 IV 17:01 17:16 400 2021-08-26 A2NO1 III 12:06 12:19 400

2021-07-09 A2NO1 IV 18:00 18:16 400 2021-08-26 A2NO1 III 13:52 14:08 800

2021-07-09 A2NO1 IV 20:00 20:15 400 2021-09-23 A2NO1 III 10:10 10:24 400

2021-07-10 A2NO1 IV 23:56 00:13 400 2021-09-23 A2NO1 III 12:21 12:36 400

2021-07-10 A2NO1 IV 02:00 02:16 400 2021-09-23 A2NO1 III 14:01 14:14 400

2021-07-10 A2NO1 IV 04:01 04:17 400 2021-09-23 A2NO1 III 16:01 16:16 400

2021-07-10 A2NO1 IV 05:59 06:15 400 2021-09-23 A2NO1 III 17:47 18:01 400

before the start of the second climb. The second descent covers the full profile down to the surface. Due to the limited GPS

accuracy, the recorded absolute flight altitude varied by a few metres between the different soundings. Therefore, we used the

average altitude after landing of each flight to standardise the base height of all soundings.175

For each individual vertical profile, air temperature from both descents was merged and binned into 5 m height intervals

for consistent comparison. The air temperature measured by UAV A2NO1 III (see Table 1) was adjusted to harmonise the

SHT75 sensors of both UAVs (A2NO1 III and A2NO1 IV) using a correction factor of 0.43 °C obtained from the 24-hour

intercomparison measurement (see Appendix A). To estimate the thickness of the cool katabatic wind that was predominant

during all campaigns, we calculated the top height of the surface-based inversion (SBI) visible in most air temperature profiles180

as follows. We considered air temperature (T ) as a function of altitude (z):

T = T (z) (1)
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Figure 5. Screenshot of the graphical user interface of the open-source software package mmp for data post-processing and 3D visualisation.

The top panel shows the flight altitude (m) over time, the middle panel shows the flight path of two subsequent soundings and the right panel

shows the temperature profiles for two climbs and two descents at about 13:30 CEST. Note that the air temperature measured during the two

rapid climbs has a warm-bias due to the inertia of the sensors.

To eliminate the short-term variability superimposed on the general air temperature change with altitude, we smoothed the

air temperature measurements from the second descent (extending down to the glacier surface) using a Savitzky-Golay filter

(Savitzky and Golay, 1964). This filter applies a local polynomial fit within a moving window, which preserves the overall185

structure of the vertical profile while reducing high-frequency noise. We then computed the first derivative of the smoothed air

temperature profile with respect to altitude, since the top of the SBI is characterised by a transition of the temperature gradient

from positive to negative values (see Fig. C1b).

T ′(z) =
dT

dz
(2)

The lowest altitude (z = zi) where the first derivative is zero was determined as the top height (zi) of the SBI:190

zi =min{z | T ′(z) = 0} (3)

To calculate the lapse rate (i.e. air temperature gradient) above and below the top height of the SBI (zi), we performed a simple

linear regression (see Appendix C). For the data points below zi, the linear regression model can be expressed as:

T (z) = a1z+ b1 for z ≤ zi, (4)
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Figure 6. Example profiles of measured air temperature (a), measured relative humidity (b), derived specific humidity (c), and estimated

turbulence (d) from the sounding on 23 September 2021 at 14:00 CEST, based on both ascent and descent data. raw = measurements

recorded on the SD card, tlc = time-lag-corrected, avg = average profile from both descents. Shaded areas denote the standard deviation

between the two profiles.

where a1 is the lapse rate below zi and b1 is the intercept. For the data points above zi, the linear regression model can be195

expressed as:

T (z) = a2z+ b2 for z ≥ zi, (5)

where a2 is the lapse rate above zi and b2 is the intercept. In addition to the UAV-based lapse rates, we also calculated

the environmental lapse rate for the study area at the time of each sounding using data from three nearby weather stations:

Fisistock, Gandegg and Sackhorn (see Figs. 1, C1).200

Since spatio-temporal variations in relative humidity (RH) can be the result of changes in air temperature, air pressure and/or

water vapour, it is not an unambiguous parameter for analysing and interpreting changes in air moisture. Specific humidity (q)

is more suitable as it is not sensitive to air temperature or pressure. We have therefore converted the recorded relative humidity

(%) into specific humidity (g/kg) as follows (see Fig. 6):

The partial vapour pressure at saturation (ps) for a given air temperature (T ) is calculated using empirical constants from205

DWD (1976) by:

ps(T ) = E0

(
A ·T
B+T

)
, (6)

where E0 = 6.10780 hPa, A = 17.08085 and B = 234.175 K. The actual vapour pressure (e) is then given by:

e= ps
RH

100
, (7)
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Finally, the specific humidity (q) in g per kg is calculated as:210

q =
mv

ma

(
e

p− 0.377e

)
1000, (8)

where mv is the molar mass of water vapour (18.01534 g/mol), ma is the molar mass of dry air (28.9644 g/mol) and p is the

pressure (in hPa) either measured or calculated from elevation assuming the standard atmosphere. As with air temperature, the

specific humidity data from both descents were merged and binned into 5 m height intervals to allow consistent comparison

across soundings.215

Unlike air temperature and humidity, wind speed, wind direction and turbulence were not measured directly. These three pa-

rameters had to be derived from the GNSS data and the recordings made by the inertial measurement unit. The wind estimation

algorithm is based on the concept described by Mayer et al. (2012) and Bonin et al. (2013). The wind direction is estimated

from the variation in ground speed during a full circle of the flight path with all UAV flight controls, in particular throttle and

pitch, held constant. The (opposite) wind direction is then the flight direction at maximum (minimum) ground speed within a220

circle. The wind speed can be assumed to be the difference between the average ground speed during a circle and the maximum

or minimum ground speed.

As a rough approximation of turbulence, the roll rate recorded by the inertial measurement unit at 4 Hz can be used, since

eddies with diameters ranging from a few decimetres to a few metres, acting differently on the two wings, cause short rotational

movements around the longitudinal axis of the UAV. The intensity of turbulence can then be estimated by calculating the225

standard deviation of the roll rates within a certain vertical section. In order to focus on the vertical scale of several meters, the

turbulence proxy is calculated for 5 m height intervals by computing the standard deviation of all roll rate data points from both

descents that fall into the respective bin. This proxy measure of turbulence can only be a rough estimate, as large parts of the

turbulence spectrum are missing. Therefore, absolute values, e.g., for turbulence kinetic energy, cannot be derived. However,

it is able to depict the general tendency of relatively increasing or decreasing turbulence. Details on this method are published230

in a separate paper.

5 Results

5.1 General boundary layer structure and local circulations

The 40 profiles of air temperature, specific humidity, wind speed, and wind direction obtained from UAV-based atmospheric

soundings during four measurement campaigns on the Kanderfirn in summer 2021 clearly reflect the prevailing synoptic situa-235

tion, while also revealing characteristic patterns of boundary layer structure and local circulations in alpine terrain. An overview

of all profiles from each campaign is provided in Fig. 7.

The two consecutive descent measurements of temperature and humidity from each flight agree closely, as indicated by the

narrow shaded area around the mean profiles in Fig. 7. This consistency supports the reliability and representativeness of the

individual soundings. Larger deviations (e.g. >0.5 °C, >0.5 g/kg) between successive descents at certain height levels (see240

for example the 10:20 flight in September, Fig. 7d) suggest short-term dynamics and local mixing within the glacier boundary
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layer, but such cases are overall rare. In contrast, wind speed and wind direction profiles from a given flight naturally show

higher temporal variability, yet they still generally match well (Fig. 7).

The aggregated mean profiles for each campaign highlight substantial variability between synoptic conditions: mean air tem-

perature differed by up to 6 °C and specific humidity by up to 4 g/kg (Fig. 8), underscoring the strong influence of large-scale245

weather patterns on the glacier boundary layer (Fig. 2). By contrast, the aggregated mean wind speed and wind direction pro-

files are strikingly similar across all campaigns, despite large variability within each campaign. All four exhibit a characteristic

C-shape: relatively high wind speeds (4–5 m/s) near the glacier surface, a decrease with height up to about 100 m AGL, low

wind speeds (about 2 m/s) between 100 and 200 m AGL, and a subsequent increase up to 400 m (Fig. 8). Notably, the wind

speed decrease in the lower part coincides with a shift in mean wind direction from east-northeast (70-90°, down-glacier) to250

southwest (220-240°, up-glacier).

A distinct surface-based inversion (SBI) characterises all aggregated mean temperature profiles, especially in June and

September (Figs. 8, 9). The SBI is characterised by a sharp temperature increase and, in some cases, also by a marked increase

in moisture above the glacier surface. With the exception of five soundings in July and four in August, a SBI was present in

all profiles. Across campaigns, the mean SBI top height is 38 ± 12 m. The mean lapse rate below the SBI is -0.31 ± 0.21 °C255

per 10 m, whereas the mean lapse rate above the SBI (or above the glacier surface in its absence) is 0.68 ± 0.13 °C per 100 m.

This latter value closely matches the mean environmental lapse rate (0.66 ± 0.13 °C per 100 m) derived from the three nearby

weather stations at the times of the soundings (Fig. 1). However, larger deviations between the lapse rate above the SBI or

glacier surface and the environmental lapse rate are evident at the time of individual soundings.

5.2 Boundary layer evolution (16 June 2021)260

The half-day campaign on 16 June 2021 (late morning to late afternoon, 8 soundings) took place under the influence of an

anticyclone over the Sahara, which created overall stable conditions in the study region (see Section 3 and Fig. 2). The June

campaign was characterised by the warmest and most humid air column of all four measurement periods (Fig. 8). A distinct

SBI was observed throughout the campaign, consistently present in all soundings and representing a defining feature of the

boundary layer structure over the glacier during this period (Fig. 7a).265

The mean top height of the SBI was relatively high at 47 ± 12 m (Fig. 9a). Below the SBI, a distinct negative lapse rate of -

0.46 °C per 10 m was observed, indicating a sharp temperature increase just above the glacier surface. Above the SBI, the mean

lapse rate was 0.72 °C per 100 m. From late morning to afternoon, the lapse rate above the SBI gradually increased, while the

near-surface inversion remained pronounced (Fig. 9b,c). The katabatic wind coincided with exceptionally dry conditions near

the surface, more distinct than during any other campaign, as illustrated by the synthesis plot from the 16:55 flight (Fig. 10a,b).270

Wind profiles exhibited the typical C-shape found across campaigns, with relatively high wind speeds at the surface, a

decrease with height, and a subsequent increase (Fig. 7a). In the 16:55 example profile, wind speed decreased from the surface

up to about 170 m, where wind direction shifted abruptly from 80–90° (glacier wind) to 240–250° (valley wind) (Fig. 10c,d).

The temporal evolution of the boundary layer is captured by the heat maps of air temperature, specific humidity, and tur-

bulence (Figs. 11–13). A continuous warming of the entire column was observed until around 16:10, after which cooling set275

13



Figure 7. Overview of all 40 profiles of air temperature (first column), specific humidity (second column), wind speed (third column), and

wind direction (fourth column) from the measurement campaigns on 16 June (a), 9/10 July (b), 25/26 August (c), and 23 September 2021

(d). Shaded areas indicate the standard deviation between consecutive descents of each sounding.
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Figure 8. Mean profiles of air temperature (a), specific humidity (b), wind speed (c), and wind direction (d) for all four campaigns (sum-

marised from Fig. 7). Shaded areas indicate the standard deviation across all profiles within each campaign.

in (Figs. 7a, 11a). Specific humidity increased steadily throughout the afternoon (Figs. 7a, 12a). No clear diurnal trend in

turbulence was detected, although enhanced turbulence was present in the lowest 20–30 m above the glacier surface (Fig. 13a).

5.3 Boundary layer evolution (9/10 July 2021)

The first 24-hour campaign on 9/10 July 2021 (14 soundings) was influenced by a cold front passage just before the start

of measurements, leading to mainly southwesterly synoptic flow during the campaign, as indicated by the Sackhorn weather280

station (see Section 3 and Figs. 2, 3). Compared to June, the surface-based inversion (SBI) was less pronounced during July.

An SBI was absent in five soundings (Fig. 9d), and the mean SBI top height was relatively low at 34 m. The mean lapse rate

above the SBI was 0.64 °C per 100 m, representing a moist adiabatic profile, while the lapse rate below the SBI was stronger

at -0.22 °C per 10 m. During the night, lapse rates above the SBI differed from those derived from nearby AWS observations,

showing reverse profiles, but became more homogeneous after midnight (Fig. 9e).285

The boundary layer evolution over the campaign showed continuous warming from the first sounding at midday on 9 July

until the last sounding at midday on 10 July, with warming persisting even during the night (Fig. 11b). A striking feature was

the advection of warm and dry air after midnight (Figs. 11b, 12b), which coincided with periods of relatively strong turbulence

throughout the entire sounded air column (Fig. 13b).

Wind profiles during this campaign generally exhibited the typical C-shape seen across other campaigns. Despite weaker290

inversions, the overall boundary layer structure was still influenced by local circulations, with katabatic flow dominating close

to the glacier surface. The combination of weaker near-surface inversion, continued warming, and warm, dry advection resulted

in a more mixed boundary layer than during the strongly stable June campaign.
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Figure 9. Top height of the surface-based inversion (SBI; first column), lapse rate above the SBI (Γ↑) or above the glacier surface when

no SBI was present together with the environmental lapse rate from the nearby weather stations Fisistock, Gandegg, and Sackhorn (second

column), and lapse rate below the SBI (Γ↓, third column) for each profile of the June (a–c), July (d–f), August (g–i), and September (j–l)

campaigns. Dashed lines indicate the campaign mean, and shaded areas represent the standard deviation.

5.4 Boundary layer evolution (25/26 August 2021)

The second 24-hour campaign on 25/26 August 2021 (13 soundings) was characterised by relatively cool, moist, and stable295

conditions (see Section 3 and Fig. 2). As in July, glacier wind and a surface-based inversion (SBI) were present throughout

most of the campaign (Fig. 7c). An SBI was detected in all profiles except four, with a mean top height of 35 m. The mean

lapse rate above the SBI was 0.67 °C per 100 m, consistent with a moist adiabatic profile, while the mean lapse rate below the

SBI was -0.24 °C per 10 m. Lapse rates above the SBI showed relatively good agreement with the calculated environmental

lapse rates (Fig. 9h).300

The boundary layer exhibited characteristic diurnal variations. Temperature decreased from the first midday sounding on 25

August, reaching maximum cooling by the morning of 26 August, with the largest cooling at 400 m observed around 10:00.

Warming began in the lower part of the profile thereafter and continued until the end of the campaign in the early afternoon of
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Figure 10. Synthesis plot showing air temperature (a), specific humidity (b), wind speed (c), and wind direction (d) profiles from the 16:55

sounding on 16 June 2021.

26 August (Fig. 11c). Specific humidity increased from the start of the campaign until the evening (21:00) and then decreased

until midday on 26 August (Fig. 12c).305

Relatively strong turbulence was observed throughout the day, coinciding with substantial variations in wind speed between

individual soundings (Figs. 3, 7c, 13c). The combination of a persistent SBI, cool and moist conditions, and variable wind

speeds resulted in a moderately mixed boundary layer with pronounced diurnal thermal variations.

5.5 Boundary layer evolution (23 September 2021)

The final half-day campaign on 23 September 2021 (midday to midday, 5 soundings) took place under a strong anticyclone310

extending over central Europe, producing relatively warm and dry air, stable conditions, and weak synoptic flow (see Section 3

and Figs. 2, 3). A pronounced surface-based inversion (SBI) was present throughout the campaign (Fig. 7), with a mean top

height of 34 m. The mean lapse rate above the SBI and glacier surface was 0.71 °C per 100 m, similar to June, and showed the

best agreement with environmental lapse rates among all four campaigns (Fig. 9k). Below the SBI, the lapse rate was stronger

than in July and August, at -0.34 °C per 10 m, reflecting the development of a pronounced katabatic wind near the glacier315

surface (Fig. 9l).

The boundary layer evolved with warming from the start of the campaign in the morning until approximately 14:00, followed

by cooling until the end of the campaign (Fig. 11d), an earlier onset than observed in June and August. Specific humidity

increased steadily throughout the campaign (Fig. 12d). Turbulence was stronger around midday and in the lower part of the

profiles, with minimum turbulence observed in the upper part of the profiles during late morning and late afternoon (Fig. 13d),320

indicating stable conditions and suppressed vertical mixing.
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Figure 11. Heat maps of the temporal evolution of air temperature over the tongue of the Kanderfirn during the four measurement campaigns

in 2021: 16 June (a), 9/10 July (b), 25/26 August (c), and 23 September (d). Note that the temperature scale differs between campaigns.
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Figure 12. Heat maps of the temporal evolution of specific humidity over the tongue of the Kanderfirn during the four measurement cam-

paigns in 2021: 16 June (a), 9/10 July (b), 25/26 August (c), and 23 September (d). Note that the humidity scale differs between campaigns.
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Figure 13. Heat maps of the temporal evolution of the estimated turbulence over the tongue of the Kanderfirn during the four measurement

campaigns in 2021: 16 June (a), 9/10 July (b), 25/26 August (c), and 23 September (d).
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6 Discussion

The aim of the following discussion is (i) to outline the prospects and challenges of UAV-based atmospheric sounding in alpine

terrain and (ii) to elaborate on the insights that the described measurement technique can provide into the local mountain-valley

wind circulation and the structure of the atmospheric boundary layer over alpine glaciers.325

6.1 Atmospheric sounding with UAVs in alpine terrain

The feasibility study comprising four measurement campaigns on the Kanderfirn in the Swiss Alps on 16 June, 9/10 July,

25/26 August and 23 September has demonstrated the suitability of the developed low-cost and open-source fixed-wing UAV

for atmospheric sounding of the boundary layer over alpine glaciers up to 800 m a.s.l. (Fig. D1). No major technical problems

were encountered during the campaign. However, the campaign revealed some practical challenges and technical limitations330

that should be considered for future applications and the further development of the sounding technique presented. Manual

take-off (i.e. hand launch) of fixed-wing UAVs above 2300 m a.s.l. is generally possible if a headwind, such as the persistent

katabatic wind during the campaign, provides sufficient uplift. The downsite is that calm conditions increase the potential risk

of a crash during launch at this altitude. In addition, hand launches require considerable experience and carry an inherent risk

of injury. A much safer and more reliable technique for launching fixed-wing UAVs, which has been implemented successfully335

during the lat campaign, is the use of a bungee rope anchored to the glacier with an ice screw. The bungee rope is attached to a

pin that is inserted into a small tube at the underside of the UAV and is automatically released when the UAV passes the anchor

point. Due to the rough surface and presence of crevasses, moulins and meltwater channels, automatic landing of a fixed-wing

UAV on a glacier is very difficult. Manual landing is possible, but requires extensive training in the operation of fixed-wing

UAVs.340

Operating a fixed-wing UAV with a relatively large wingspan of 160 cm in alpine terrain has both advantages and disad-

vantages. Obviously, carrying a fixed-wing UAV of that size in alpine terrain is not convenient. However, the design of the

fixed-wing UAV supports gliding and the operation at higher altitudes where air density is significantly reduced. Moreover,

the large and coloured surface makes it possible to monitor the UAV at greater heights (up to several hundred metres above

ground). This is important for safety reasons. In mountain ranges with heavy helicopter traffic, such as the Alps, automatic345

UAV operations may require manual intervention and sudden landings. In addition, UAV operations beyond visual line of sight

are prohibited by most aviation authorities unless an exemption has been granted (EASA, 2023). Atmospheric soundings up

to several hundred metres above ground are no longer possible in the Alps without special permission since the publication of

the new EU drone regulations in January 2021, which limit the maximum flight height to 120 m AGL (note that the EU drone

regulations were not yet in force in Switzerland during the campaignw on the Kanderfirn in June 2021). In an ideal setup,350

atmospheric sounding with fixed-wing UAVs would be complemented by ground-based measurements (i.e. weather station

and/or meteorological tower) and quadcopter soundings for the lowest metres.

Compared to rotary-wing UAVs, where platform-induced heating can bias temperature measurements below the vehicle due

to rotor downwash (e.g. Greene et al., 2018), the temperature and humidity sensor in the tube on the presented fixed-wing
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UAV is protected from solar radiation and major heat sources, and is naturally ventilated during flight. However, low ascent355

and descent rates are recommended to account for the effect of sensor inertia on air temperature and humidity measurements.

Otherwise, the sensor time lag must be corrected (Reuder et al., 2009). While off-the-shelf UAVs usually do not support

the (easy) integration of scientific sensors and rather serve as a mobile platform for stand-alone sensors (e.g. Hansche et al.,

2023; Messmer and Groos, 2024), UAVs tailored for scientific purposes, such as the presented fixed-wing UAV, support the

integration of different sensors and allow the combined analysis of meteorological and flight recorder data (Reuder et al.,360

2009, 2012; Cassano et al., 2016). Flight recorder data are beneficial because they provide additional information to estimate

atmospheric parameters such as wind speed, wind direction and turbulence, which go beyond the classical measurements of

air temperature and relative humidity (Mayer et al., 2012; Reuder et al., 2012; Cassano et al., 2016). However, a drawback of

the presented sounding technique, which prevents easy replication, is the extensive training required to safely fly and land a

fixed-wing UAV in alpine terrain. A more user-friendly system, especially for soundings in complex terrain, are hybrid UAVs365

that combine efficient forward flight with hovering and vertical take-off and landing capabilities. Hybrid UAVs for scientific

research are currently under development, but still need to be tested in high mountain environments (Smeur et al., 2019; Bronz

et al., 2020).

6.2 Local circulations and boundary layer structure over alpine glaciers

The vertical profiles of air temperature, specific humidity, wind speed, wind direction and turbulence from Kanderfirn add to370

the sparse global dataset of atmospheric soundings over glacierised terrain and provide detailed insights into local circulations

and the structure of the boundary layer over an alpine glacier during one ablation season. Apart from the Kanderfirn campaign,

meteorological measurements with tethered balloons and UAVs up to a few hundred metres above the glacier surface are

available from only four sites worldwide: From a glacio-meteorological field experiment on Pasterze in the Austrian Alps in

summer 1994 (Van Den Broeke, 1997a, b; Oerlemans and Grisogono, 2002), from a glacio-meteorological field experiment on375

the Vatnajökull ice cap in Iceland in summer 1996 (Oerlemans et al., 1999), from a meteorological campaign on the Hofsjökull

ice cap in Iceland in summer 2007 (Reuder et al., 2009, 2012), and from a field campaign on Mittivakkat Gletsjer in southeast

Greenland in summer 2019 (Hansche et al., 2023). Although the topographical and climatic conditions vary greatly between

the five sites, the soundings from the different campaigns reveal some general characteristics of the structure of the atmospheric

boundary layer over glaciers and ice caps.380

A key feature of the atmospheric boundary layer over mountain and outlet glaciers during the ablation season is the devel-

opment of a cool and persistent density-driven katabatic wind. Katabatic winds have been observed during all of the summer

field campaigns mentioned above, and are also evident in data from numerous on-glacier weather stations (e.g. Petersen and

Pellicciotti, 2011; Petersen et al., 2013; Mott et al., 2020; Nicholson and Stiperski, 2020; Shaw et al., 2023, 2024). While

measurements within the lowest metres above the glacier surface are crucial for investigating turbulent energy fluxes and de-385

termining the height of the maximum wind speed of the low-level katabatic jet (Van Den Broeke, 1997b; Oerlemans, 2010;

Mott et al., 2020; Nicholson and Stiperski, 2020), the vertical extent of the katabatic wind layer cannot be determined with

weather stations and meteorological towers alone. Tethered balloon and UAV soundings show that the katabatic wind layer is
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characterised by a pronounced surface-based inversion up to several tens of metres above the glacier surface (Van Den Broeke,

1997a; Oerlemans et al., 1999). While the maximum extension of the cooling effect of the katabatic wind layer has not been390

specifically investigated in previous studies (cf. Van Den Broeke, 1997a; Oerlemans et al., 1999; Hansche et al., 2023), the

results from the Kanderfirn campaign show clearly that the top height of the surface-based inversion varies considerably in

time and that the cooling effect at this location can reach up to 60 m above the glacier surface (cf. Fig. 9). The maximum

cooling observed in the lowest 60 m of Kanderfirn was of the order of 4 °C in the late afternoon during the June campaign

(cf. Fig. 7a). This is consistent with theory, which predicts that katabatic winds intensify with increasing temperature contrast395

between the glacier surface and its surroundings (Ohata, 1989; Oerlemans and Grisogono, 2002).

Besides the pronounced cooling effect, relatively dry air, high wind speeds and enhanced turbulence characterise the kata-

batic wind layer over glaciers during the ablation season. A dry surface layer and a marked increase in humidity in the first

tens of metres above the glacier surface, such as observed on Kanderfirn during the June campaign (cf. Fig. 7a), were also

found on Pasterze and Mittivakkat Gletsjer (Van Den Broeke, 1997a; Hansche et al., 2023). Since the specific humidity on400

the Kanderfirn was higher throughout the sounded air column above the katabatic wind layer, it is very likely that the dry air

near the glacier surface originates from the accumulation area, where evaporation is limited compared to the ablation zone,

or from the free atmosphere above. The saturation deficit caused by the dry low-level jet, together with relatively high wind

speeds and increased turbulence, may favour evaporation and thus reduce the energy available for melting snow and ice in the

ablation zone. This means that katabatic flow has the potential to reduce not only the sensible heat flux (e.g. Shaw et al., 2024),405

but also the latent heat flux compared to the microclimatic conditions (warmer and more humid air) outside the glacier under

certain synoptic situations. Since the temperature and humidity profiles observed above the top height of the surface-based

inversions are linear (Figs. 7 and C1; Oerlemans et al., 1999), their extrapolation to the glacier surface and deviation from the

measurements below the inversion top height provide an alternative to off-glacier lapse rates and gradients (see e.g. Greuell

and Böhm, 1998; Shea and Moore, 2010; Shaw et al., 2024) for estimating and parameterising the cooling and drying effect of410

the katabatic wind layer.

Above the katabatic wind layer, a well-developed mountain-valley wind circulation similar to that on Kanderfirn (cf. Fig.

8c,d) has been found at Pasterze and Vatnajökull during periods of stable weather (Van Den Broeke, 1997b; Oerlemans et al.,

1999). A characteristic feature is the decrease in wind speed from a maximum near the surface to a minimum at about 100-

200 m above the surface (cf. Fig. 8c). At the height of the minimum wind speed, the horizontal wind direction changes from415

down-glacier to up-glacier (Fig. 8d; Van Den Broeke, 1997b). The valley wind typically advects warmer and more humid air

towards the glacier (Van Den Broeke, 1997b). However, without additional atmospheric soundings along the glacier flow line,

it is difficult to assess whether the glacier and valley winds are essentially decoupled during stable conditions such as on 16

June 2021, or whether entrainment of warm and humid air occurs at higher altitudes. To better capture the interactions between

the different thermally driven winds in glacierised alpine terrain, parallel UAV-based atmospheric soundings at different loca-420

tions on the glacier, together with ground-based measurements, would be helpful. This information is crucial to improve the

parameterisation of local atmospheric conditions over mountain glaciers and to assess how a warming world affects the local

circulation in alpine terrain.
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7 Conclusions

With the UAV-based atmospheric sounding technique, we have presented a new approach to study the interaction of local425

winds in alpine terrain and investigate the structure of the atmospheric boundary layer over glaciers up to several hundred

metres above the surface. The measurement technique provides a lightweight and low-cost alternative to tethered balloons and

complements ground-based measurements at weather stations and meteorological towers. Vertical profiles of air temperature,

humidity, pressure, wind speed, wind direction and turbulence can be derived from the synchronised meteorological and flight

recorder data collected by the developed open-source fixed-wing UAV. A drawback of the fixed-wing UAV is the extensive430

training that is required for safe operation in alpine terrain. However, a hybrid UAV combining efficient forward flight with

hovering and vertical take-off and landing capabilities is currently under development and will enhance operation in alpine

terrain. The UAV-based atmospheric soundings conducted during the feasibility study at the Kanderfirn in the Swiss Alps add

to the sparse global dataset of atmospheric soundings in glacierised terrain and reveal typical features of the boundary layer over

glaciers in summer. A persistent glacier wind, characterised by a pronounced surface-based inversion, relatively dry air, high435

wind speeds and enhanced turbulence, was observed at the Kanderfirn. Above the katabatic wind layer, a well-developed valley

wind adevecting warm and humid air from the periphery towards the glacier was found. While vertical profiles at one location

can provide fundamental insights into the structure of the boundary layer over glaciers, parallel UAV-based soundings at

different locations and repeated under different synoptic conditions would be desirable in the future to uncover the interactions

between the thermally driven local winds in alpine terrain and to assess the potential impact of rising off-glacier temperatures440

on the cooling effect of the katabatic wind specifically and on the local circulations in alpine terrain in general.

Code and data availability. The atmospheric sounding and flight recorder data as well as the scripts for data post-processing, reformatting,

analysis and visualisation can be downloaded from the open-access repository Zenodo: https://doi.org/10.5281/zenodo.13889613 (Groos

et al., 2024). The mobile measurement post-processing (mmp) FORTRAN package can be downloaded from the following Git repository:

https://git.rz.uni-augsburg.de/philipan/mmp (Philipp, 2024).445
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Appendix A: Sensor intercomparison

Figure A1. Setup of the 24-hour intercomparison measurement of the temperature and humidity sensors (SHT75) installed inside the white

tube of each UAV and a reference sensor (SHT21, inside the radiation shield) placed in front of both UAVs. A fan ensured continuous air

flow. The experiment was conducted from 4 to 5 June 2021.

Figure A2. Result of the 24-hour intercomparison measurement. The mean difference in air temperature between both SHT75 sensors is

0.43 °C and the mean difference in relative humidity is 1.5 %.
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Appendix B: Sink rates

Figure B1. Sink rate (binned into 5 m height intervals) from all soundings (each consisting of two descents) on 16 June (a), 9/10 July (b),

25/26 August (c), and 23 September 2021 (d). The shaded area represents the standard deviation between the two descents.
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Appendix C: Lapse rates

Figure C1. Example of the derivation of the lapse rate over the Kanderfirn and its surroundings on 16 June 2021 at about 14:10. (a) Lapse

rate below (Γ↓) and above (Γ↑) the top height of the surface-based inversion (SBI) derived from UAV-based atmospheric soundings. (b) First

derivative of the smoothed air temperature profile with respect to altitude; the altitude where the derivative becomes positive defines the top

height of the SBI. (c) Environmental lapse rate in the study area derived from three nearby weather stations.
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Appendix D: 800 m profile on 26 August at 14:05460

Figure D1. Synthesis plot showing air temperature (a), specific humidity (b), wind speed (c), and wind direction (d) profiles from the 800 m

sounding on 26 August 2021 at about 14:05.
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