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Abstract we present the new Atmospheric Raman Temperature and Humidity Sounder (ARTHUS). We
demonstrate that ARTHUS measurements resolve (1) the strength of the inversion layer at the planetary
boundary layer top, (2) elevated lids in the free troposphere during daytime and nighttime, and (3) turbulent
fluctuations in water vapor and temperature, simultaneously, also during daytime. Very stable and
reliable performance was demonstrably achieved during more than 2,500 hr of operations time experiencing
a huge variety of weather conditions. ARTHUS provides temperature profiles with resolutions of 10-60 s
and 7.5-100 m vertically in the lower free troposphere. During daytime, the statistical uncertainty of the
water vapor mixing ratio is <2 % in the lower troposphere for resolutions of 5 min and 100 m. Temperature
statistical uncertainty is <0.5 K even up to the middle troposphere. ARTHUS fulfills the stringent WMO
breakthrough requirements on nowcasting and very short range forecasting.

Plain Language Summary The observation of atmospheric moisture and temperature profiles is
essential for the understanding and prediction of earth system processes. These are fundamental
components of the global and regional energy and water cycles; they determine the radiative transfer
through the atmosphere and are critical for the cloud formation and precipitation. Also, it is expected that
the assimilation of high-quality, lower tropospheric WV and T profiles will result in a considerable
improvement of the skill of weather forecast models particularly with respect to extreme events. Here we
present the Atmospheric Raman Temperature and Humidity Sounder, an exceptional tool for observations
in the atmospheric boundary layer during daytime and nighttime with a very short latency. This
performance serves very well the next generation of very fast rapid-update-cycle data assimilation systems
for nowcasting and short-range weather forecasting. Ground-based stations and networks can be set up or
extended for climate monitoring, verification of weather, climate and earth system models, and data
assimilation for improving weather forecasts.

1. Introduction

The observation of water vapor (WV) and temperature (T) profiles with high accuracy and vertical resolution
from the surface throughout the troposphere during daytime and nighttime are fundamental for accurate
monitoring, weather forecasts, process studies, data assimilation, and validation of satellites. The mean pro-
files of T and WYV, the statistics of their fluctuations, and flux profiles are also essential for energy and water
budget studies. Therefore, these measurements are key for the understanding and the prediction of the diurnal
cycle and the structure of the lower troposphere, in order to resolve the strength of the inversion layer at the
planetary boundary layer (PBL) top, elevated lids in the free troposphere and turbulent fluctuations in WV and
T, simultaneously during daytime and nighttime with a high temporal and range resolution. Consequently,
high-performance WV and T profiling is fundamental for advanced weather and climate simulations.

Different techniques for measuring the atmospheric T profiles with lidar systems have been investigated in
the last years, namely, the rotational Raman (RRL) technique, the integration technique (using elastic and
Raman signals), the resonance fluorescence technique, and the high-spectral resolution lidar technique (see
Behrendt, 2005, for an overview). For WV profiles, the Raman lidar technique and differential absorption
lidar (DIAL) are available (Behrendt, 2005; Wulfmeyer et al., 2015).

Considering daytime measurements of T in the troposphere where always aerosol particles are present, the
RRL technique is the most reliable lidar technique at date (Behrendt, 2005). It is straightforward to extend
such a T lidar with a WV Raman channel to obtain combined measurements during nighttime and
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daytime even within aerosol layers and thin clouds with high temporal and spatial resolution and low sys-
tematic and noise uncertainties (e.g., Behrendt et al., 2002; Di Girolamo et al., 2004; Hammann et al., 2015).

Passive remote sensing systems intrinsically lack the ability to resolve vertical structures in the order of a few
hundred meter or less since their number of independent measurement points is limited (e.g., Wulfmeyer
et al., 2016). Thus, several active remote sensing systems based on the lidar technology were developed in
recent years to obtain operational or quasi-operational WV observations—and partly including also observa-
tions of T. In case of WV, the existing systems include the DIAL system of the National Center for
Atmospheric Research (NCAR) (Spuler et al., 2015; Weckwerth et al., 2016), the the Raman lidar ofthe Jet
Propulsion Laboratory (JPL) (Leblanc et al., 2012), and the Raman lidar of the Meteorological Research
Institute (MRI) (Sakai et al., 2019). Both WV and T profiles are provided by the following lidar systems:
the lidar of the Atmospheric Radiation Measurement (ARM) programSouthern Great Plains (SGP) site
(Goldsmith et al., 1998; Newsom et al., 2013), RAMSES (Reichardt et al., 2012), and Raman LIDAR for
Meteorological Observation (RALMO) lidar (Dinoev et al., 2013).

But none of these active remote sensing systems came close yet to fulfilling the WMO goal requirements for
lower tropospheric profiling with respect to nowcasting and very short-range weather forecasting (see www.
wmo-sat.info/oscar/observingrequirements), in the following abbreviated as “WMO VSRF goals.” These
requirements are more stringent than for high resolution numerical weather prediction (NWP).

While the SGP Raman Lidar was the only operational Raman Lidar so far which has been able to resolve
turbulent WV fluctuations during daytime (Turner et al., 2014) only two nonautomatic systems have
reported yet statistics of both turbulent WV and T fluctuations, namely, the University of Basilicata
Raman lidar system (BASIL) (Paolo Di Girolamo et al., 2017) and the UHOH scanning Raman lidar
(Hammann et al., 2015; Behrendt et al., 2015; Behrendt et al., 2019). But even these two systems were by
far not yet advanced enough for coming close to the WMO VSRF goals—not even for single cases.

Satellite-based earth observation technology is not able to provide such data either. These systems have seen
enormous progress in the last two decades. But despite these advances, substantial uncertainties in the
interpretation of remotely sensed satellite data still exist (Stephens et al., 2012; Trenberth et al., 2009) and
these observations are not capable to resolve the vertical structure of the PBL (Wulfmeyer et al., 2015).

Within the Modular Observation Solutions for Earth Systems project (https://www.ufz.de/moses/) of the
Helmholtz Alliance, a new ground-based water-vapor and temperature remote sensing system fulfilling
these requirements has been developed and tested by the Institute of Physics and Meteorology at the
University of Hohenheim (UHOH). We call this new system ARTHUS (Atmospheric Raman Temperature
and Humidity Sounder).

The aim of ARTHUS is to close this gap, which exist in satellite-based and ground-based Earth-observing
systems, in order to provide reference data of these essential thermodynamic variables at day and night. It
has already been shown that a strong positive impact on the skill of NWP models can be expected from
less-advanced data (Adam et al., 2016; Dee et al., 2011; Wulfmeyer et al., 2015). We strived for turbulence
resolution in WV and T profiling during daytime and nighttime, as this is key for the study of PBL process
and land-atmosphere feedback (Wulfmeyer et al., 2018; Santanello et al., 2018) as well as for the development
of turbulence parameterizations. ARTHUS is based on the knowledge acquired in the development of differ-
ent generations of rotational Raman lidar systems in recent years (Behrendt et al., 2002, 2004; Behrendt &
Reichardt, 2000; Hammann et al., 2015; Radlach, 2009).

This paper is structured as follows: The physical principles of Raman technique for WV and T measurements are
summarized in section 2 demonstrating the potential of the optimization of daytime measurements. A descrip-
tion of ARTHUS follows in section 3, and the analysis of a measurement example in section 4. Section 5
shows comparisons between ARTHUS and radiosonde data. Finally, conclusions and an outlook are presented.

2. Raman Lidar Technique

Like any Raman lidar, also ARTHUS allows to measure the particle backscatter coefficient and the particle
extinction coefficient independently (Ansmann et al., 1992; Weitkamp et al., 2009). Since such aerosol
measurements are not new and not the focus here, we restrict the discussion to T and WV.
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We obtain profiles of the WV mixing ratio M(r) by dividing the WV Raman backscatter signal by the
temperature-independent combination of the two rotational Raman signals (Behrendt et al., 2004) according
to (e.g., Melfi et al., 1969; D. N. Whiteman et al., 1992, 2009; Whiteman, 2003)

Pyvee(r) Sy, (1)

M(r) = CPRRLI (1) X Prera (1) Sy (1)

with Pyyrr(r), Prrra(¥), and Prrro(r) for the measured water vapor Raman signal and the two rotational
Raman signals, respectively, C for the WV calibration, x for the combination factor to get a temperature-
independent reference signal, and the last factor for the differential atmospheric transmission at the wave-
length of the water vapor Raman signal and the rotational Raman signals, respectively.

The ratio Q of the high to low rotational quantum number Raman signals is used to obtain the atmospheric T
profile (e.g., Behrendt, 2005). For temperature profiling, a calibration using three calibration constants a, b,
and c is preferable (Behrendt, 2005) with

B b b\ c—Log(Q)
Tr) = _Z_\/(i) B

The calibration constants are determined by comparison with other sensors such as narrow-band WV DIAL,
radio soundings, other in situ sensors, or a theoretical analysis of the receiver transmission functions. In a

-1

variety of publications, it was confirmed that these system constants of well-engineered Raman lidars are
very stable so that a very good long-term stability and accuracy of the measured profiles is achieved
(Turner et al., 2002).

A huge advantage of ARTHUS is that both T and WV profiles can be measured simultaneously with just one
laser transmitter. T and WV data can be combined to get relative humidity measurements which are useful
for aerosol (Wulfmeyer & Feingold, 2000) and convection initiation studies (A. Behrendt et al., 2011). Since
the primary wavelength can be selected in a flexible way, powerful and reliable frequency-tripled Nd:YAG
laser can be used.

3. Lidar Setup

A single receiver extracts the three Raman backscatter signals. In addition, it makes sense to add a fourth
channel for the elastic backscatter signal in order to obtain signals from aerosol layers and clouds.
Furthermore, by error propagation of the received photon-counting signal, not only WV and T profiles but
also their uncertainties are determined in near real time (Behrendt et al., 2015; Wulfmeyer et al., 2016).
The receiver with these four signals can be designed in such a way that the signal extraction is very efficient,
the background suppression in high, while at the same time the suppression of the elastic backscatter signal
in the Raman channels is high. The result is a compact, reliable, and robust active remote sensing system
which fits into a cabinet with a size of 2.6 m X 1.4 m X 2.1 m (W X D x H). Furthermore, it is fully operational
and runs 24/7.

Fundamental for an operational system is the laser transmitter. It must run without maintenance for a long
time period. Here the laser source is an injection-seeded Nd:YAG laser (InnoLas Laser GmbH, Germany).
The manufacturer states a typical lifetime of operation of several years before it may be necessary that the
laser diode bars need maintenance. Long-term experience is now required in order to confirm this statement.
The laser pulse energy in the UV is 100 mJ at a repetition rate of 200 Hz. The first and second harmonics are
separated spatially from the third harmonic using a Pellin-Broca prism and blocked, so no other radiation
than the third-harmonic radiation at 354.83 nm is transmitted into the atmosphere. This is quite beneficial
for eye-safety considerations. Since this part of the UV permits comparatively high maximum exposure
regarding eye safety (see the norms DIN EN 60 825-1, IEC 60825-1, and ANSI +Z136.1-2014 which all agree
here), the maximum emitted energy density of 2 mJ/cm?® in the peak of the ARTHUS beam profile, is not
only eye safe for single pulses but also for exposure times of up to 1.5 s, when it leaves the housing. Due
to the beam divergence of about 0.2 mrad, the allowed exposure times furthermore increase with range.
Thus, any airborne platforms moving with at least a few centimeters per second are within eye safety
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limits. Wherever this should not be considered as safe enough for all practical means, even longer eye safe
exposure times could be accomplished by further beam expansion or an automatic beam shutter could be
implemented which detects blocking of the beam.

The receiving telescope is a Ritchey-Chrétien-Cassegrain type. Its primary mirror has a diameter of 40 cm.
The coating is optimized for the UV. A fiber guides the collected radiation backscattered from the
atmosphere to a polychromator containing the four acquisition channels. Here improvements in the
receiving chain include new interference filters with higher transmission for the elastic and Raman channels
compared to previous versions (see Hammann et al., 2015).

The incoming light is directed to a dichroic beam splitter (Chroma), which splits it into two beams (Hammann
et al., 2015). Wavelengths longer than 375 nm are reflected while shorter wavelengths are transmitted. The
vibrational Raman signal of water vapor at 407.7 nm is obtained from the reflected beam. The transmission
efficiency of the beam splitter is 0.95 between 350 and 375 nm and 0.02 for 408 nm. Reflectivity at 408 nm
is above 0.95.

The signal transmitted by the beam splitter passes a daylight-reducing filter (Laser components, peak trans-
mission of 0.92) and enters the main part of the receiver for the detection of the elastic and rotational Raman
signals, which are sequentially mounted (Behrendt et al., 2002; Hammann et al., 2015; Radlach et al., 2008).

In front of the elastic channel and also each rotational Raman channel, there is an interference filter to
achieve adequate suppression of the elastic signal, so leakage in the Raman channels is avoided. Overall
transmission efficiency is 0.48, 0.34, 0.41, and 0.41 for the elastic, RR1, RR2, and WV channel, respectively.
These filters allow for a strong reduction of the daylight background and avoid any leakage of the elastic
signal in the Raman channels even in the presence of boundary layer clouds, which eliminates systematic
errors and permits measurements into clouds up to an optical thickness of 3.

In all four channels, the extracted light is focused on photomultipliers (R9880U, Hammamatsu Photonics,
Japan). The detected signals are then stored in analog and in photon-counting (PC) mode with 7.5-m resolu-
tion with a transient recorder (LICEL GmbH, Germany). During the measurements shown in this paper,
backscatter signals of 2,000 shots, equal to a 10-s mean, were averaged. After dead-time correction of the
PC data, the data is background-corrected.

The statistical uncertainty of the measurements is derived from the measured number of photon counts (or
virtual photon counts in case of the analog signals) using error propagation (Behrendt et al., 2002;
Wulfmeyer et al., 2016). This approach covers the so-called shot noise, which is the main error source in
Raman lidar signals. The total statistical uncertainty can be obtained from an autocorrelation analysis of a
time series of the fluctuations of a measured parameter (Behrendt et al., 2015; Lenschow et al., 2000;
Wulfmeyer et al., 2016). This technique allows for separating noncorrelated noise from correlated
atmospheric fluctuations, so profiles of the total noise uncertainty and profiles of higher-order moments
of the atmospheric fluctuations (with their uncertainties) are obtained simultaneously. In the following,
we apply this latter approach.

The four measured signals allow to derive four independent parameters: T, WV mixing ratio (MR), particle
backscatter coefficient 3, and particle extinction coefficient a (Behrendt et al., 2002). Higher level products
are potential temperature, gradient of temperature and potential temperature, higher moments of turbulent
T and WV fluctuations, relative humidity, buoyancy, convective available potential energy, and convective
inhibition (Hammann et al., 2015).

4. Case Study and Performance

ARTHUS was operated for >2,500 hr between March 2018 and the submission of this paper in September
2019. Between 24 October 2018 and 14 November 2018 (22 days), the lidar was tested at the new site of
the Land Atmosphere Feedback Observatory (LAFO; see lafo.uni-hohenheim.de (n.d.); Spith et al., 2019).
The weather conditions correspond to fall time in Germany. It also participated in the ScaleX measurement
campaign in southern Germany (14 May 2019 to 11 June 2019, 32 days), together with several other instru-
ments (see https://scalex.imk-ifu.kit.edu). Since this period was in spring time in Germany, we faced fog,
snow, clouds, and rain, given that the site was located at the top of a hill, about 1,000 m ASL. A third
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Figure 1. Time-height cross section of WV MR (right plots) and T (left plots) measured on 7 November 2018 between
00:00 and 24:00 UTC. Local noon was at 11:30 UTC. The resolution of the data in (a) and (b) is 7.5 m and 10 s while it
is 300 s and a gliding average of 97.5 m in the other plots. Note the different scales for plots (e) and (f). Letters indicate
several layers present on this day clearly visible by WV MR as well as temperature gradients, among these are, for example,
an elevated humidity layer (C1 to C3) and the convective boundary layer (D1 to D3). AGL = Above ground level.

campaign took place at the German Weather Service (DWD) observatory site in Stuttgart Schnarrenberg,
Germany, between 23 August 2019 and 25 September 2019 (33 days total) in the transition of summer to
autumn time, some days with clouds, fog, and rain. Although we gathered a lot of interesting cases during
these periods, we must restrict ourselves in this letter and can show only two of them, given the limited
space allowed.

In the following, we focus on a case study for illustrating ARTHUS' performance during a test campaign at
the LAFO site. Figure 1 shows an overview of the 24-hr data measured on 7 November 2018.

Analog and PC data were merged at 3 km. In order to calibrate the temperature and WV MR, radiosonde data
of the closest radiosonde available, namely, of the DWD in Stuttgart, 13 km away were used. The develop-
ment of the PBL can be seen in the both temperature and humidity data. Furthermore, differences in noise
between day and night are seen in higher altitudes. With 5-min averaging and a gliding average of 97.5 m,
the noise is reduced significantly compared to the raw data resolution. Four kilometers can be reached during
daytime with the averaged WV data so that several layers as well as their changes in time can be made out. In
the temperature case, differences in noise between day and night can hardly be seen up to 6 km in the aver-
aged data and temperature gradients related to the layers can be observed. In the high-resolution measure-
ments, even the convective eddies in the daytime PBL can be identified in both data sets as well as the
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Figure 2. (top)T and WV measurements between 15:00 and 16:00 UTC on 1 November 2018 (resolution of 10 s and gliding
average of 97.5 m). (middle) Despiked and detrended WV and T fluctuations. (bottom) Variance profiles of the atmo-
spheric fluctuations.
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Figure 3. Total statistical uncertainties of the ARTHUS T and WV measurements for different temporal and spatial
resolutions of the data. With increasing range, the uncertainties increase nearly exponentially above the overlap region.
Dashed lines show the breakthrough requirements (blue, At = 10 min and Az = 300 m) and goal requirements (green,
5 min and 100 m) of WMO for nowcasting and very short range weather forecasting in the lower troposphere. ARTHUS
data fulfill these requirements in the PBL and lower free troposphere.
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Figure 4. T and WV MR measurements of ARTHUS compared with data of radiosondes (Vaisala RS41) launched at
the same site at the DWD observatory, Stuttgart Schnarrenberg. (a and b) Night measurements on 30 August 2019. For the
ARTHUS profiles the data between 2240 and 2300 UTC were averaged. The radiosonde was launched at 2245 UTC.
The measurements of ARTHUS were calibrated with these radiosonde data. (c and d) Noon measurements on 14
September 2019. ARTHUS data averaged from 1040 to 1100 UTC, radiosonde launched at 1045 UTC. Same calibrations as
in (a) and (b).

gradients at the top of the PBL. It is important to note that the high resolutions of 10 s and 7.5 m have never
been accomplished before. For the first time, we observed inversion layers in the free troposphere (Figure 1),
which is not possible with any other ground-based remote sensing system.

In the following, a detailed error analysis is presented. We selected for this the period between 15 and 16
UTC on 7 November 2018 (Figure 2). During this time, a gravity wave was present which oscillated the
PBL top in height. This caused the fluctuations of T and WV to vary in an anticorrelated way. While dry
fluctuations were generally colder, moist ones were warmer. The same was found less pronounced in the
PBL. The mean atmospheric variances, determined with the method of Lenschow et al. (2000) and
Wulfmeyer et al. (2016), show peaks at the PBL top at about 1,000 m above ground level with maximum
values of about 0.12 (g/kg)* and 0.2 K2, respectively. It is very interesting to note that such small fluctuations
can clearly be resolved with ARTHUS.

Together with the mean atmospheric variances, we obtained the statistical uncertainties (Figure 3). In a first
step, we got the uncertainty profiles for the data resolution of 10 s and 97.5 m which we used for the analysis
of the fluctuations (Figure 2). These profiles, can then be scaled to other temporal and spatial resolutions At
and Az, respectively, via

ox(At Az)70°

with o for the statistical uncertainty.

The WMO breakthrough requirements for nowcasting/VSRF for WV and T are reached up to 3.5 km and
more than 5 km, respectively. Even the very stringent goal requirements of 2% and 0.5 K for a resolution
of 5 min and 100 m is reached up to 2.2 and 4 km, respectively.
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5. Observation Comparisons

ARTHUS was moved to the DWD site in Stuttgart in summer 2019. At ~50-m distance to ARTHUS, radio-
sondes were launched which gave the opportunity to intercompare the measurements with small sampling
uncertainties. Examples of the data are shown in Figure 4.

The calibration of ARTHUS was made with nighttime data close to 0 UTC on 31 August 2019. As example for
daytime measurements, we selected the data of 14 September 2019 (unchanged calibration of ARTHUS);
interestingly, quite strong T and MR gradients were present at the top of the PBL at this day. The data of
ARTHUS and the radiosonde are very close and the observed gradients are very similar despite of the differ-
ent sampling methods and that the PBL was convective.

6. Conclusions

We demonstrated a breakthrough of the Raman lidar technique for daytime and nighttime WV and T
profiling with high resolution and accuracy. A comprehensive analysis of the data confirms that the
WMO goal requirements for VSRF can be met during daytime with ARTHUS. We showed that range-
resolved measurements of WV MR were performed with a statistical uncertainty of less than 2% up to 2.2
km using a temporal resolution of 5 min and a vertical resolution of 100 m. Vertical measurements of tem-
perature were performed with an uncertainty of less than 0.5 K and the same temporal and vertical resolu-
tions up to more than 5 km. ARTHUS performance makes it possible to observe for the first time the strength
of the inversion layer at the PBL top, elevated lids in the free troposphere during daytime and nighttime and
the resolution of turbulent fluctuations in water vapor and temperature simultaneously also during daytime.

The nighttime performance, for example, for studying the nocturnal planetary boundary layer and tropo-
spheric lidar, is even much better due the absence of daylight background. The interference filters allow a
strong reduction of the daylight background and avoid leakage of the elastic signal in the Raman channels
even in the presence of boundary layer clouds (or optically thin clouds) which eliminates systematic errors.

This confirms that ARTHUS is an exceptional tool for observations in the atmospheric boundary layer, since
new science questions can be addressed such as improvement of weather forecast models by means of data
assimilation, for instance, the detection of elevated layers is crucial for the prediction of convection initia-
tion. Also, studies of turbulent transport in the convective boundary layer and studies of land-atmosphere
feedback, which requires the resolution and characterization of turbulent transport of heat and matter.

The uncertainty analysis, however, did not yet include systematic errors. The results are nevertheless very
promising. Further intercomparison campaigns are already planned for the near future. Given the thermal
stability of the housing and that the laser is injection seeded, we expect that the systematic uncertainties are
much smaller than the statistical ones.

Due to the relatively low power requirement (<5 kW depending mainly on the need for air conditioning)
and the compact setup of ARTHUS, ground-based stations and networks can be set up or extended for
climate monitoring, verification of weather, and climate and earth system models and data assimilation
for improving weather forecasts, process studies as well as a calibration of and a synergy with passive
remote sensing systems such as microwave radiometers and Fourier transform infrared spectrometers as
well as radio soundings.

A very short latency of the delivery of data within minutes including all error profiles and the error covar-
iance matrix is possible. This performance serves very well the next generation of very fast rapid-update-
cycle data assimilation systems for nowcasting and short-range weather forecasting (Adam et al., 2016).

It is important to note that the assimilation of these thermodynamic profiles will also advance considerably
the impact of radar data assimilation. Currently, the assimilation of radar data is strongly suffering from the
missing knowledge of the thermodynamic environment around clouds and precipitation resulting in severe
model in-balance problems. A new synergy of ARTHUS-like systems and radar networks would reduce these
imbalances considerably increasing also the benefit of radar observations. Additionally, in the future, it will
be possible to operate corresponding lidar systems also on shipborne and airborne platforms as well as in
networks over land. Furthermore, spaceborne operation of WW and T Raman lidar has the potential to
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provide global-scale WV MR and temperature measurements from the surface to the middle troposphere
(Paolo Di Girolamo et al., 2018).

ARTHUS will be a part of the new infrastructure planned to complement the existing Helmholtz observa-
tories, showing the potential of remote sensing systems gathering ground-truth information about land-
atmosphere feedback, the behavior of the ABL and the lower troposphere. Also, due to its mobility and easy
application in different regions of the earth and on different platforms, it will be available for various
international field activities.
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