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Abstract. The Amazon rain forest plays an important role in the biogeochemistry, water cycle, and climate of the South
American continent and the Earth system. The Amazon Tall Tower Observatory (ATTO) has been established to study and
quantify forest-atmosphere interactions under natural conditions, as well as the transformation of the Amazon ecosystem as
a result of increasing perturbations related to deforestation and climate change. Here, we present the design and first results
of a custom-made Robotic Lift system, RoLi, installed to automatically measure high-resolution vertical profiles along the
325m tall ATTO tower at high spatial and temporal resolution at vertical profiling speeds up to 0.5 ms~!. The RoLi payload
of up to 80 kg can be flexibly adjusted and comprises meteorological, trace gas, and aerosol instruments with short inlet lines,
minimizing potential wall losses and related artifacts that may occur in longer sampling tubes of tall towers. First measurement
results show spatiotemporal patterns in the altitude profiles of temperature, humidity, fog, and aerosol particle concentration
and size. This proves RoLi’s technical capability to resolve the diel interplay of convectively mixed daytime and stable stratified
nighttime conditions. The RoLi data will help to better constrain the gradients and exchange of air masses, gases, and particles

across the forest-atmosphere interface and related mixing processes in the lowermost planetary boundary layer.
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1 Introduction

The Amazon basin is home to the largest rain forest in the world, which covers abat Bm?. It is characterized by a high
biodiversity and biomass turnover, a complex hydrological cycle, and plays an essential role in the Earth system (Kueppers
et al., 2004; Engle et al., 2008; Zeng et al., 2008; Poschl et al., 2010; Melack and Hess, 2011; Pohlker et al., 2012; Agudelo
et al., 2019; Ruiz-Vasquez et al., 2020; Machado et al., 2024). Deforestation, forest fragmentation, and the effects of climate
change pose signi cant threats to the Amazon ecosystem, as they cause habitat loss, disrupt the region's ecological balance, an
weaken the forest's stability (Laurance et al., 2000; Davidson et al., 2012; Lapola et al., 2014; Tollefson, 2015; Khanna et al.,
2017; Mitchard, 2018). Researchers have been trying to understand and quantify how climate change, climate extremes, ant
land use change in uence the interactions between intact Amazonian forests and the atmosphere, along with its consequence
for water cycling, biodiversity, and climate on continental and global scales (Davidson et al., 2012; Andreae et al., 2015;
Wendisch et al., 2016).

The Amazon Tall Tower Observatory (ATTO) was established in 2012 about 150 km north-east of Manaus as a long-term
and continuous measurement station (Andreae et al., 2015; Pohlker et al., 2019). The central infrastructure of the project is
the 325m tall tower, which enables continuous measurements of atmospheric parameters at the forest-atmosphere interface
and throughout the lower planetary boundary layer (PBL). Tall towers exist at several locations worldwide (Heintzenberg
et al., 2011; Kohler et al., 2018; Meng et al., 2020; Dvorska et al., 2015) and provide continuous and highly time-resolved
measurements at multiple heights across the lower PBL, capturing both local processes near the surface and regional signals i
the lower layers of the troposphere. Tall tower measurements help to constrain the interplay of different trace gas and aerosol
sources, related to (tropical) meteorology including the formation and dissipation of stable nocturnal and convective daytime
boundary layers, intermittent turbulent structures, and the entrainment of air masses from higher altitudes (Fisch et al., 2004;
Li et al., 2010; Oliveira et al., 2020). Complementary to smaller ux towers, which measure at or above canopy height and
have a limited footprint area, tall towers have signi cantly larger footprints and thus capture atmospheric signals that re ect
spatially integrated processes over broader regions (Pdhlker et al., 2019). A focal point at ATTO has been the research on
atmospheric aerosols and their effects on radiative transfer (Liu et al., 2020; Morais et al., 2022; Holanda et al., 2023), cloud
and precipitation formation (Péhlker et al., 2018, 2023; Efraim et al., 2024), and ecosystem processes (Ldbs et al., 2020; Pras:
etal., 2021b; Barbosa et al., 2022; Mota de Oliveira et al., 2022). Especially for trace gas, aerosol, and cloud cycling, tall tower
measurements provide unique data to document the baseline conditions in currently still untouched regions of the Amazon, as
land use and climate change continue to reshape the rain forest ecosystem.

To capture the vertical exchange and processing of gases and aerosols, measurements are typically conducted at multipl
inlet heights. At ATTO, greenhouse gases are currently measured at six heights (4, 42, 81, 150, 273, 321 m), volatile organic
compounds (VOCSs) at four heights (i.e., 40, 80, 150, andB32Zannoni et al., 2020; Pfannerstill et al., 2021; Ringsdorf et al.,
2024), reactive species such as ozone at eleven heights (i.e., 0.05, 0.5, 4, 12, 24, 36, 53, 79, 80, 15Mprch@2@rosols

at two heights (i.e., 60, and 325, (Andreae et al., 2015; Franco et al., 2024; Machado et al., 2024)). However, observations at
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only a few xed inlet heights are subject to experimental limitations, as they provide a simpli ed view of the complex spatial
and temporal dynamics involved in the atmospheric exchange of gases and aerosols. In particular, aerosol measurements al
often restricted to just one or a few vertical levels, mainly due to the technical challenges and limited exibility associated
with the installation of stainless steel inlet lines (Birmili et al., 2007; Center for Aerosol In-Situ Measurement - European
Center for Aerosol Calibration and Characterization (ECAC-CAIS), 2024). Those tubes typically have comparatively large
diameters (i.e., at ATTO 1 and 1.5 inch) to ensure high sample air ow rates to supply multiple instruments and at the same
time laminar ow pro les and reduced particle losses (Kumar et al., 2008; von der Weiden et al., 2009). In addition, long
inlet lines are always associated with unavoidable aerosol particle losses due to diffusion, inertial impaction, sedimentation,
thermophoresis, and electrostatic effects (von der Weiden et al., 2009; Heintzenberg et al., 2011). Likewise, reactive trace
gases, such as sesquiterpenes, diterpenes or amines, can hardly be sampled through long inlet lines due to wall losses at
their short atmospheric lifetime in the presence of reactive species (Li et al., 2023; Deming et al., 2019). Vertical pro le
measurements using UAVs eliminate the need for long inlet lines but are constrained by limited payload capacity, short ight
durations due to battery limitations, and the requirement for human oversight. In contrast, utilizing a mobile platform on tall
towers for vertical pro le measurements also removes the need for long inlet lines while offering signi cantly fewer limitations

in payload capacity compared to UAVs (Brown et al., 2013).

In this study, we present the development of the Robotic Lift system, RoLi, along with exemplary data from its deployment at
the325 mtall tower at ATTO. RoLi allows to:

1. obtain vertical pro les of meteorological, trace gas, and aerosol parameters at very high spatial resolution (between
centimeters and meters, depending on instrument response and speed of RoLi) B&aweand3183 m height;

2. use the same set of instruments for measurements of high resolution pro les, which eliminates uncertainties associated
with instrument comparisons and cross-calibrations when multiple sensors are used in parallel at different heights;

3. operate instruments with very short inlets across multiple heights to minimize effects of unavoidable trace gas or aerosol
particle losses in long inlet lines (e.g., sampling of ultra ne aerosol particles or highly reactive VOCs (von der Weiden
etal., 2009; Li et al., 2023));

4. conduct observations and sampling at freely chosen heights to capture events of particular interest, such the nocturna
boundary and residual layers or de ned fog layers.

RoLi complements the existing experimental setups at ATTO as it serves as a exible platform for meteorological, trace gas,
and aerosol sensors. It offers highly detailed vertical pro les and enables exible sampling of aerosols and reactive trace gases,

making it a valuable addition to atmospheric research capabilities.
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2 Technical description
2.1 Study site

The Amazon Tall Tower Observatory (ATTO; 2.1459° S, 59.0056° W, 134 m a.s.l.) is located in the central Amazon Basin,
about 150 km northeast of the city of Manaus in the Uatum& Sustainable Development Reserve (USDR) (Andreae et al.,
2015; Pohlker et al., 2019). The ATTO project started in the year 2012, as a cooperation between Brazil and Germany. The
location was chosen because of its at terrain, the relatively pristine atmosphere during parts of the wet season, and the good
accessibility from Manaus (Martin et al., 2010; P6hlker et al., 2016; Saturno et al., 2018; Pohlker et al., 2023). By bridging
multiple disciplines, the ATTO project aims for a better understanding of the role of the Amazon in the Earth system. The
ATTO site includes three measurement towers (1 x 325m, 2 x 80 m height) and is equipped with various instruments for
meteorological, aerosol, trace-gas, and ecological research (Andreae et al., 2015; Lébs et al., 2020; Prass et al., 2021a; Corré
etal., 2021).

2.2 Overall RoLi design and installation at the tall tower

The entire RoLi system consists of the main robotic lift, the tower and ground installation, and the control software. The robotic

lift, which houses all instruments and sensors, moves vertically along the tower. The tower and ground installations comprise
the main aluminum rail, two power rails, an energy supply unit, as well as WiFi and radio antennas. The system is operated and
automated via custom-developed software that manages lift control, data storage, and safety mechanisms. This software run
on a control computer located in a ground-based container near the tower. All main components are shown in Figure 1 and are

also described in detail below.
2.3 Aluminum rail and power rails

The backbone of the RoLi system is the 320 m long aluminum rail (HighStep Systems AG, Silbernstrasse 10, 8953 Dietikon,
Switzerland), installed along the southern outside corner of the 325 m tall tower (aligned at 202° south), reaching from 0.05m
up to 320 m (Figure 1; Figure 2 A and B). The rail consists of 6 m sections, each secured to the tower structure every 3m, and
is engineered for high strength-to-weight performance. It has a stiffness rating of 5 tons per 6-meter segment, suf cient support
both static and dynamic loads of the RoLi system, including the approximately 80 kg instrument payload. This commercial
rail system is ideal for RoLi, as it has been easy to install and maintenance-free. Its marine grade anodized surface provides
additional protection against harsh environmental conditions. However, due to the humid conditions below the canopy, the
lower 40 m of the rail require annual cleaning to remove dirt and algal growth.

The lift receives electrical power via two power rails (Stromschlei eitung 0812, Conductix-Wamp er GmbH, Rheinstrasse 27
+ 33, 79576 Weil am Rhein, Germany), positioned on either side of the aluminum rail. These 4 m sections are joined to match

the length of the HighStep rail, with mounting points every 4 m along the tower structure and a spacing of 128 mm from the



105

110

115

120

125

130

135

aluminum rail. The rails carry a voltage of 230V, derived from the voltage difference between two 115V line conductors (L1
and L2) in a split-phase system, which is supplied at the base near the ground. As one of several safety measures, the powe
rails are monitored by an insulation control unit (Bender IR425-D4W-2, Bender GmbH & Co. KG, Londorfer Stral3e 65, 35305
Griinberg, Deutschland) that continuously measures insulation resistance against ground to ensure ground fault protection. Th
system is designed to temporarily shut off when the insulation resistance drops below &6 kutomatically restart when

the insulation rises above this threshold. If the insulation resistance falls below, #@&ksystem shuts down permanently and
requires a manual reset. As an additional safety feature to prevent data loss during power outages or irregularities caused b
generator switches, the entire RoLi system, along with all ground installations, is connected to a UPS capable of providing up
to 20 minutes of backup power under normal load. When RoLi is removed from the rail, the power rails are grounded to serve
as lightning protection of the electrical infrastructure.

2.4 Robotic Lift (RoLi) hardware

The lift consists of an aluminum frame built from 40 x 40 mm aluminum pro les (MayTec Aluminium Systemtechnik GmbH,
Gewerbering 16, 82140 Olching, Germany) and custom-made aluminum components that ensure structural stability, on which
all parts are mounted (Figure 1). Its central components include three motors with gearboxes (Relex 40-01B-H04-VD-5_00,
Relex AG, Schachenstrasse 80, CH-8645 Jona), motor controllers (Platinum Bee, EImo Motion Control GmbH, Walter-
Oehmichen-Str.20, 68519 Viernheim, Germany), and metal gears, which connect to the aluminum rail and drive RoLi up and
down. These engine-gearbox units contain 48 VDC motors, each with a rated power of 630 W, a nominal speed of 6000 rpm,
and a peak torque of 4.41 Nm. The motors are connected to gearboxes with a total gear ratio of 1:40 (with a planetary gear
stage ratio of 1:8 and a worm gear stage ratio of 1:5), yielding a maximum torque of 44.5 Nm. Each motor unit also includes
a 24 VDC electromagnetic coupling brake with a holding torque of 7.5 Nm, which deactivates while in motion and engages
when the lift stops, securely holding RoLi in place without using motor force.

The power of the engine-gearbox units is transmitted to the aluminum rail via aluminum bronze alloy gear wheels. Replaceable
plastic caps (HighStep Systems AG, Silbernstrasse 10, 8953 Dietikon, Switzerland) on the gear wheels are used to extend th
lifespan of both the rail and the gears. The durability of these plastic caps depends on payload and environmental conditions
(such as rail dryness and cleanliness). With a typical payload of around 70 kg and 48 pro les per day, the caps require weekly
replacement, corresponding to 336 full pro les at the ATTO tower and 107 km of vertical travel. Replacements have been made
proactively to prevent operational failure. While descending, an actively fan-cooled magnetic powder brake (Series B.651.V,
IBD Wickeltechnik GmbH, Béllingshéfen 79, 32549 Bad Oeynhausen, Germany) dissipates the potential energy from RoLi as
heat. Relying solely on the motors for descent could damage the power supply and other 48V electronics. The brake allows for

continuously adjustable braking force of up to 65 Nm of torque and is nearly maintenance-free.

Two current collectors (Stromabnehmer 0812 1P2PE 98A16 REV B, Conductix-Wamp er GmbH, Rheinstr. 27 + 33, 79576
Weil am Rhein, Germany) with two connection points each provide uninterrupted 230 VAC power supply, also across power






