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Abstract. A new concept for a cluster of compact lidar systems named VAHCOLI (Vertical And Horizontal COverage by
Lidars) is presented which allows to measure temperatures, winds, and aerosols in the middle atmeo&phete km) with

high temporal and vertical resolution of minutes and some tens of meters, respectively, simultaneously covering horizontal
scales from few hundred meters to several hundred kilometers ('four-dimensional coverage’). The individual lidars ('units’)
being used in VAHCOLI are based on a diode-pumped alexandrite laser currently designed to detect potagsiomn(), as

well as on sophisticated laser spectroscopy measuring all relevant frequencies (seeder laser, power laser, backscattered ligr
with high temporal resolution (2 ms) and high spectral resolution applying Doppler-free spectroscopy. The frequency of the
lasers and the narrow-band filter in the receiving system are stabilized to typically 10-100 kHz which is a factor of roughly
105 smaller than the Doppler-broadened Rayleigh signal. Narrow-band filtering allows to measure Rayleigh and/or resonance
scattering separately from the aerosol (Mie) signal, all during night and day. Lidars used for VAHCOLI are compact (volume:
~1 m?) and are multi-purpose systems employing contemporary electronical, optical, and mechanical components. The units
are designed to autonomously operate under harsh field conditions at remote locations. An error analysis with parameters of the
anticipated system demonstrates that temperatures and line-of-sight winds can be measured from the lower stratosphere to tt
upper mesosphere with an accuracyt@0.1-5) K and+(0.1-10) m/s, respectively, increasing with altitude. We demonstrate

that some crucial dynamical processes in the middle atmosphere, such as gravity waves and stratified turbulence, can b
covered by VAHCOLI with sufficient temporal/vertical/horizontal sampling and resolution. The four-dimensional capabilities

of VAHCOLI allow to perform time-dependent analysis of the flow field, for example employing Helmholtz decomposition,
and to carry out statistical tests regarding intermittency, helicity etc. First test measurements under field conditions with a
prototype lidar being built for VAHCOLI were performed in January 2020. The lidar operated successfully during a six week
period (night and day) without any adjustment. These observations covered a height rasgd 00 km and demonstrate the
capability and applicability of this unit for the VAHCOLI concept.

1 Introduction

Lidars (light detection and ranging) have been applied in atmospheric research since many years. Here we concentrate on th
middle atmosphere, namely on the altitude range 10-120 km. Different techniques have been used to measure, e. g., temper:
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tures, winds, aerosols, metal densities, as well as atneoisptharacteristics deduced from prime observations) asgrav-

ity waves or trends (see, for example, Hauchecorne and 6hi®80; von Zahn et al., 1988; She et al., 1995; Keckhut et al.
1995; Gardner et al., 2001; Collins et al., 2009, and referertherein). Backscattering from molecules (Rayleighm&a),
from aerosols (Mie), as well as resonance scattering frotalraéoms in the upper mesophere/lower thermosphere hare be
applied to deduce number densities (background and metatsperatures, winds, and important characteristics afsas
(size, number densities) such as noctilucent clouds (Nlod)@olar stratospheric clouds (PSC). In the standard setars|
perform measurements in the vertical but oblique soundiage also been applied occasionally, e. g. for the lidard.&-A
MAR (Arctic Lidar Observatory for Middle Atmosphere Resgay and at the Starfire Optical Range (von Zahn et al., 2000;
Chu et al., 2005). Typical altitude and time intervals ar€® h® and 10 min, respectively, where much better altitude/tim
resolutions have occasionally been achieved. In sumnidarsl measure highly relevant atmospheric parametershigtn
temporal and vertical resolution. The main disadvantadalafs is that observations are normally made in a singlaroal
with very limited horizontal coverage, and often only dgriolarkness and, of course, only during clear sky conditibigsrs
have also been developed for applications on airplanes all@bhs which can travel substantial horizontal distarmésare
limited in resolving temporal/spatial ambiguities (se®,dxample, Shepherd et al., 1994; \Voigt et al., 2018; Feittd., 2020).
Furthermore, these applications are rather complex artty @l are therefore performed only sporadically. Lidarsatel-
lites, e. g., CALIPSO (Cloud-Aerosol Lidar and Infraredtifatder Satellite Observations) have also been develope:tiare
been used to measure, e. g., PSC (see overviews in Weitk@&99; Winker et al., 2009). However, so far the application of
these satellite lidars regarding middle atmosphere rekéarrestricted due to their limited height coverage. Famegle, the
spaceborne wind lidar mission ADM-Aeolus (Atmospheric Bgrics Mission Aeolus) aims at observing winds up to 30 km
(Reitebuch, 2012). Some ground-based techniques havediegeloped to cover larger horizontal distances in the reidtH
mosphere, like the Advanced Mesospheric Temperature M&@ppET M) based on airglow emissions in the mesopause region
(Pautet et al., 2015). Multistatic radars are now availablmeasure winds in the upper mesosphere/lower thermasjlitr
extended horizontal coverage (Chau et al., 2017; Vierinah €2019). Compared to lidars these techniques coveharrhin-
ited height range. Quasi-permanent wind observationsarsttatosphere and mesosphere are performed applyingwaiaeo
technology, however, with rather poor temporal and heigéblution of hours to days and several kilometers, respagiisee,
e.g., Rufenacht et al., 2018, and references therein).

The VAHCOLI concept of placing a cluster of lidars ('unitgl) various locations relies crucially on individual instrents
being specially designed and developed for this purposethéfefore first describe the technical concept and perfocea
of such a unit. The main idea is to use modern technology tstidedly miniaturize and simplify all lidar sub-component
such as laser, telescope, and receiver system, whereas#seirament capabilities shall be similar, or even bettepeved to
contemporary existing lidars. Furthermore, sophistitédeer spectroscopy methods shall be applied to measuspdicdrum
of the backscattered signal with high spectral resoluttmcuracy, and sampling rate. This allows, for example, pasge
backscattering from molecules (Rayleigh) and aerosolg)ind to measure Doppler widths and shifts of the backsedtte
signal simultaneously. A VAHCOLI-unit shall be robust sattfit can easily be operated under field conditions with malim
infrastructure in automatic day and night operation. A reetnof several of these lidars shall be placed at varioustioes,
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and each lidar shall be employed with several oblique beam#hat (apart from vertical) a substantial horizontal eaisy
covered simultaneously. Finally, the lidar must be coietiive and shall operate for long periods of time (severahths or
longer) without maintenance. It must still be able to measarious scattering mechanisms to monitor the atmosphame f
approximately 10 to 100 km.

2 Selected technical features of a VAHCOLI-unit
2.1 General

A compact setup for a VAHCOLI-unit is chosen with an adequéigice of optical, electronical and mechanical components

If available, off-the-shelf components regarding optit&chanics, electronics etc. are used. Major parts of thehamics

and housing are produced by 3D printing. This allows costatiife and flexible modifications of mechanical components

and mountings of optical subsystems if, for example, thdiegion has to be adjusted to certain scientific requireiiento

specific background conditions. The overall goal is to baiggeneral purpose lidar to allow for observations applyiagl&gh,

Mie, and resonance scattering. A first prototype of a VAHCQhit is now available and has recently been tested under fiel
conditions (see section 3). A photo of the prototype and lartieal drawing are shown in Fig. 1.

2.1.1 Spectral characteristics of scattered signals anddiar components

The lidars being used for the VAHCOLI concept rely on a cdrefunsideration and measurement of various spectral charac
teristics of laser frequencies, spectral filters, and beatksred light. We therefore briefly recollect the spedgatures of the
main scattering processes and instrumental componerdlvéd/(see Fig. 2). The spectral line width (FWHM = full widt
of half maximum) of the Doppler-broadened line due to scimteon molecules (Rayleigh) is typicallv,,, ~1500 MHz

(for A=770 nm, the potassium resonance wavelength currentlglsied) which is given by the Maxwell-Boltzmann velocity
distribution. The line width is proportional tg/%, i.e., it can be used to measure temperatufes emperature ., =
mean mass of an air molecule). The line widths of resonanes Ibf metal atoms are again given by Doppler-broadening on
top of broadening due to atomic physics processes such amhietime and hyperfine-structure. For potassium, thé-vi

is appr. 1000 MHz (von Zahn and Héffner, 1996). The line-Wwidf scattered light caused by aerosols is much smaller since
these aerosols are much heavier compared to moleculemspinaric aerosol particles have radii on the order ot Which
corresponds to a mass of roughii@ % ng. This is a factor of~~1.510° larger compared to the mass of an air molecule.
Therefore, the spectral width of the aerosol sighal, is roughly Av, = Av,, - \/:nI ~ 100 kHz for Av,,,=1500 MHz.

The Doppler shiftdr, of the backscattered signal due to background windsis 2 - v, - v/c¢ which allows to measure line-
of-sight winds ¢, = laser frequencyy = background wind). For a laser wavelengths\gE770 nm ¢,=389.28 THz) and
applying Rayleigh or Mie scattering, this shiftds= 2.6 MHz for a wind ofv=1 m/s. We also need to take into account the
spectral widths of the instrumental components (see |latarpely the spectral widths of the diode-pumped alexamtigter
(~3.3 MHz) and the high resolution spectral filter (‘confoctlen’) in the receiver system (appr. 7.5 MHz). For companjs
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the Fourier-transform width of a laser pulse with a lengti000 m (100 m, 1 m) is roughly 60 kHz (600 kHz, 60 MHz).
According to their spectral characteristics, the scattemechanisms mentioned above are used to measure temesia@td
winds from Rayleigh scattering (‘Doppler-Rayleigh’), tearatures and winds (plus metal number densities) frorneese
scattering (‘Doppler-resonance’), and winds (plus adrdensities) from Mie scattering (‘Doppler-Mie’).

95 2.1.2 Generallidar setup

A key idea behind the lidars being used for VAHCOLI is thatralkevant frequencies and spectra (e. g., seeder lasery powe
laser, backscattered light from the atmosphere, narrod/blier, reference spectrum) are controlled and measurgdhigh
precision (see later). The atmospheric signal and lasanpaters are measured (or actively controlled for the Jafiberevery
single laser pulse. This allows, for example, to measurevttiths and shifts of the spectrally broadened lines andanalgel,

100 determine the spectral characteristics of the receivérarime between two laser pulses. Narrow band spectralriidfend a
small field-of-view is applied to reduce the background,chiallows to use high repetition frequencies and compasigtiow
power laser energies. The laser can be tuned to any givenefiney within a large frequency range, and spectra are obderv
at these mean frequencies with great detail. This providegxample, the opportunity to measure the signals fromdigly
and Mie scattering separately (see section 3).

105 The frequency of the power laser is controlled by a so-calsstier laser. The seeder laser is used i) to control thesnegu
of the power laser, and ii) to measure the spectral spedificabf the entire optical path in the receiver system (idiclg the
filter characteristics of the etalons involved) immediatefore these filters are being used to measure the spgdiraddened
and shifted backscattered signal from the atmosphere éRgyIMie, or resonance).

The seeder laser, the power laser, and the signal from thesatmere are fed into a receiver system (see Fig. 3) Wh

110 consists of various optical components such as an interderélter (to block a large part of the solar background spect
not wanted), a broad band solid etalon with a FWHM close toQbepler width of the atmospheric molecule line, and a
narrow band confocal etalon (FWHM7.5 MHZz). The largest part of the incoming light is reflectgdtbe confocal etalon
and creates a signal at the detedipf_ z, whereas a small part is transmitted and is measured by thetdeD ;. (see Fig.

3). The frequency of the seeder laser is tuned up and then Wm&n again. The amplitude of this tuning is, for example,

115 2000 MHz in order to cover the Doppler broadened Rayleighaigrhe seeder is used to control the frequency of the power
laser for every single pulse, i. e., every 2 ms. The spechalacteristics of the seeder laser, e. g., the frequencyluaston
of time during tuning up and down, are known precisely dueaimgarison with a high-resolution Doppler-free polariaati
spectrum of potassium, which also serves as an absolutgsiney reference in case of resonance scattering for potasshe
parameters controlling the seeder frequencies can easayljusted by software according to the scientific requirgmd he

120 lidar parameters, e. g., the range of the frequency scarhbeaptimized for the measurement of Doppler winds on aespsol
or for resonance temperatures, or for a simultaneous odisamof Rayleigh, Mie, and resonance scattering.

The frequency of the power laser is nearly identical to tlegdiency of the seeder laser because a novel cavity control
technology called Advanced Ramp and Fire (ARF) is appliegrécursor version of this technology was used since 1998
for the flashlamp-pumped alexandrite ringlaser of the IAR kater also for Nd:YAG (Nicklaus et al., 2007). ARF alloves t
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control the mean frequency shift between seeder and poser, land it is not limited to a single laser frequency. Thicved

a fast tuning of the power laser to a wide range of frequerfcaa one pulse to the other. We currently use a maximum
tuning rate of 1000 MHz per milli-second, which can be ineeziif required. An example of controlling and measuring the
power laser frequency is shown in Fig. 4. The seeder lasektf@reby the power laser) is tuned across the confocalret
where the frequency range of the tuning (=100 MHz) was chesgeh that it covers the spectral width of the confocal etalon
The frequency sampling covers frequencies with a diffeeesf@ MHz. As can be seen in Fig. 4 the advanced ramp-and-fire
technique ensures that the frequencies of the power lassggpare indeed very close to the nominal frequenciegyithin

less than 100 kHz), namely within the width of each red linEim 4. The intensity distribution as a functiongfis given by

the convolution of the spectral width of the confocal etadmwl the spectral width of the power laser (the spectral waflthe
seeder laser is onl100 kHz and can be ignored in this context). Fig. 4 demorestridiat the frequency control of the power
laser by the seeder laser works very successfully, naméhmess than approximately 100 kHz.

The temporal stability of the laser frequency control is destrated in Fig. 5 where measurements of the frequencteeo
seeder laser and the confocal etalon are shown. More pediséhe upper panel the difference between the nominalesee
laser frequency and the actual true frequency is shown, evtier latter is determined by comparison with high precision
Doppler-free spectroscopy. Data points are shownf8min with a temporal resolution of 1/10 s. The mean offsetveen
nominal and true frequencies is only 21.44 kHz with a RMSatash of 170 kHz. The same procedure is repeated for the
confocal etalon (lower panel in Fig. 5), i. e., the seedeerlas directed into the confocal etalon, and nominal ande'tru
frequencies (from the seeder laser) are compared to eaeh Gtie mean uncertainty of the confocal etalon frequency is
187.92 kHz which corresponds to an uncertainty in wind mesaments of 0.072 m/s. In fact, the final contribution of this
uncertainty to the wind error is even smaller since the offisethis case 187.92 kHz) is measured and later considartuki
data reduction procedure.

Finally, the spectrum received from the atmosphere is coatpaith the spectral characteristic of the instrumentudiig
laser line width, spectral filters etc. For Rayleigh and Miattering it is not necessary to know the absolute frequemcy
the laser light and the absolute frequency position of tilaéorts transmission functions. It is only important to kntive
frequency of the pulsed laser relative to the frequency efdpectral filters which is achieved by the procedure desdrib
above. On the other hand, resonance scattering requirggeiney measurements on an absolute frequency scale which is
achieved by applying Doppler-free polarization spectopgdo an atomic absorption line of potassium, which in tsrnsed
to control the output of the seeder laser and the specteidfiltith an accuracy of a few kHz (see above).

2.2 Laser specifications

A VAHCOLI-unitrequires a compact, efficient, and high perfance laser designed for atmospheric applications. Fppl2o-
Mie the laser should preferentially have an exceptionatiglsline-width. For Doppler-resonance the laser must balble to
an atomic absorption line. We have developed a highly efficigarrow-band diode-pumped alexandrite ring laser irpec@-
tion with the Fraunhofer Institut for Laser Technology inchan (Ho6ffner et al., 2018; Strotkamp et al., 2019). Therlasad
includes various subsystems such as Q-switch driver,cawittrol, power measurement, and a beam expansion telesdio
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of which are placed in a sealed housing for touch free omeratver long periods. The laser head is pumped via a fiber cable
connected to a separate diode array acting as an optical.ptmeeam profile of the laser is nearly perfect with veryelitt
aberration {£2=1.1). The spectral width is'3.3 MHz with a pulse length 0£780 ns. In Q-switch mode, the variation of the
output power from pulse to pulse is only 0.2%. A first test @ thbustness of the laser was performed when it was tramsport
from Aachen to Kuihlungsbornin early 2020. After a transpértearly 700 km in a standard truck the laser performed witho
any degradation (see section 3). Thereafter, the entiae Vichs aligned and operated successfully during a six wee&dye
without any further adjustment.

2.3 Telescope and receiver

The field-of-view (fov) of the telescope is currently 38d which corresponds to a diameter of 3.3 m at a distance@kdD

The accuracy to keep the laser beam inside the field of vielweofdlescope is better than 10 cm at 100 km which corresponds
to a position accuracy of better thanuiad. This is achieved as follows: the photons being scattieyel 80 degree from the
atmosphere follow the optical path of the outgoing lasexrbdut in retrograd direction. The light from the atmosphiere
separated from the outgoing laser pulse using its polasizatharacteristics. This implies that outgoing and inaogrlight
paths are automatically co-aligned and no active contrth@butgoing laser beam on a pulse-to-pulse basis is neStmud.
drifts of the laser beam relative to the optical axis of tHedeope caused by, for example, temperature drifts are ensaped

for by a control loop (maximizing the atmospheric signaljhwa time constant of few minutes. The current plan is to have 5
telescopes with different viewing directions which are setdsequently (switching within 1 ms) by one laser. Only @ueiver
system (and one transmitter) will be needed.

The prime mirrow (diameter = 50 cm) and related optics aregirgted into a system which is manufactured by large scale
3D printing. Complex thermal balancing considerationsiemthat the telescope (optics and walls) are stabilizelde@utside
temperature by maintaining an active airflow through theecdihis prevents convection and turbulence and also keegts du
snow, and sea salt away from the optics. On the other hanaéodanical structures supporting the primary and secgndar
mirrors are stabilized to the temperature inside the maumsimg. This eliminates the need to realign the telescopenwhe
ambient temperatures are changing, for example, from daigtd. In summary, the mechanical design and thermal badgnc
allow to operate the lidar under harsh conditions at a widgeaf ambient temperatures during day and night.

The most important components of the receiver are the sditteers in combination with other optical systems suchhes t
seeder laser and the Doppler free spectroscopy (see Figjll 8pmponents fit into a compact, optically tight, dust fread
lightweight housing of 15 x 15 x 80 cm which is manufactured3y printing together with all mechanical mounts for the
optical components¥75 in total). Avalanche Photodiodes (APD) are used for dogrihotons.

2.4 Data acquisition and lidar control

After a laser pulse has been released, it takes 1 ms untibphatcattered at a distance of 150 km arrive at the detedim. T
implies that the maximum possible pulse repetition fregyes .™**=1000 laser pulses per second (we use 500 per second),
assuming that only one laser pulse is in the air at any givea.tPhotons from a single pulse scattered from a height rénge
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arrive at the detector in a time interval &ft = 2-5z/c. During arrival the number of photon§,;, from the height rangéz
create a count ratB,,; at the detector oR,;; =N, /At =N,,/(2-6z/c). Here and in the following we ignore any impact by the
dead-time of the detector. The time between two pulses endiy dt=1/k where k is the pulse repetition frequency. Tloeee
the effective number of photons counted per time interved@iced relative td,,; by a factor ofAt/dt = (2-6z/c) - k. For
example, foriz=200 m and k=500/s the reduction factor is 1/1500. In othexd&athe number of photons/,;, counted per
integration timejt and height intervad z is related to the count ratéj and the pulse repetition ratg)(via

At 0z
N, —R- = . §t=R-(2-22 k). 1
oh =R o ot=R-( - k)- ot Q)

For technical reasons the count rate of typical detectoMT(PAPD) is limited to approximatelyR™**=10" Hz. As
mentioned before, the maximum pulse repetition rate isrglwe the uppermost altitude (,..) wanted,k**=1000/s for
zmaz=150 km. Higher pulse repetition frequencies may be chddtie imaximum altitude is reduced. According to equation
1 this leads to a larger number of photons at a given altitile.receiver relies on high speed single photon data atiguisi
system with compression for fast analysis. Each pulse iredteith 1 m altitude resolution and with further informatice-
garding, for example, pulse energy as well as frequency &iHM of the laser pulse. Each VAHCOLI-unit is connected to
the internet and, if necessary, can be controlled and ggbiateal time. This includes the frequency control of thexdes and
power lasers as well as the filter system (see above). The eateiver system (actually the entire lidar) is based dngles
standard PC with integrated commercially available etettis. Data from the lidar are automatically downloadediteraote

server.
2.5 Measuring principle
2.5.1 Temperatures and winds from Rayleigh and resonance attering

A standard method to derive temperature profiles from mealsaititude profiles of number densities is based on the (down
ward) integration of the hydrostatic equilibrium equatiSimce only relative number densities are relevant heedjdar count
rates from Rayleigh scattering can be applied, after takitggaccount the square of the distance (lidar equatiompeSancer-
tainties are introduced by the unknown temperature at thetdhe profile (also called ‘start temperature’) which, lewer,
decrease exponentially with altitude. A more detailedrearmlysis for Rayleigh temperatures is presented in sedtia Note
that narrow spectral filtering allows to separate the Raylsignal from the Mie signal (see below). This implies thayRigh
temperatures are derived even in the presence of aerosuls.tBe spectral width of the Rayleigh signal is proporidn /7'
it can also be used to measure temperatures. This is plannétkffuture, together with a comparison of temperatures fr
integration (hydrostatic equation).

Winds are measured by lidars by detecting the spectralahiifte backscattered light (Rayleigh or resonance or Mibjs T
is rather challenging since this shift is normally small gared to the spectral width of the backscattered signaloiar
techniques have been developed to measure the specttaéshifemploying double-edge or single-edge or vapordiltsee,
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for example, Chanin et al., 1989; She and Yu, 1994; Baumiga2&10). In our first measurements presented in section 3 we
concentrated on measuring winds by detecting the spetifabsthe narrow band aerosol signal.

225 Resonance scattering on metal atoms (K, Fe, Na) has frdgulean applied to derive number densities and temperatures
in the altitude range of roughly 80 to 120 km by measuring tlopder width of the backscattered light (see, for exam-
ple, Fricke and von Zahn, 1985; von Zahn et al., 1988; Alpees.1990; She et al., 1990; Clemesha, 1995; Chu et al.,;2011
Hoffner and Lautenbach, 2009). Different from these lida#sHCOLI can observe winds and temperatures from resonance
scattering in the presence of aerosols, namely NLC. Theneggee scattering application of VAHCOLI is based on our expe

230 ence with a potassium lidar being operated at several twtstfor example on the research vessel Polarstern or istf&pgen
(Hoffner and von Zahn, 1995; von Zahn and Hoéffner, 1996; laib&t al., 2004; Hoffner and Lubken, 2007). The technique
has been improved substantially for a VAHCOLI-unit by appdyhigh temporal and high spectral resolution detection of
Doppler broadening (temperatures) and Doppler shift{tifisight winds). See section 2.1.1 for more details.

2.5.2 Aerosol parameters and winds

235 VAHCOLI is designed to also measure the presence of aerasole precisely background aerosols, polar stratospbleticls
(PSC), and noctilucent clouds (NLC). Precise and fast nreasents of the spectrum of the filters allows to position teow
spectral filter (few MHz) exactly at the position of the Miegberelated to aerosol backscattering, as is shown in Figin2eS
the Mie spectrum in the stratosphere is also very narroniq@dly 0.1 MHz, see above) only the backscattered signahfro
aerosols is detected, whereas nearly all of the Rayleigitesitey is blocked (this implies that the solar backgrouigaal is

240 negligible which is known as ‘solar blind’). Therefore, Mieattering is detected irrespective of the Rayleigh si¢prad vice
versa). The precise measurement of spectra allows to dereef-sight winds from the Doppler shift of the Mie pealeés
section 3). In the future, we envisage multi-color obseovet of PSC and NLC to deduce particle characteristics ssd&ize
and number densities (see, for example, von Cossart eBal; Alpers et al., 2000; Baumgarten et al., 2010).

2.5.3 Metal densities

245 Resonance scattering on metal atoms in the upper mesopherethermosphere is applied to derive metal number densi
profiles. We have used this technique mainly to observe piot@as\=770 nm) and ironX=386 nm), but other metals have also
been measured (see, e.g., von Zahn et al., 1988; Gerding20@0; Chu et al., 2011). The capability of VAHCOLI to measu
vertical and horizontal structures in metal densitiesvedléo address several open science questions regardinguikescfor
the observed temporal and spatial variability (see sed@idh. The current version of the VAHCOLI-units is designed t

250 detect potassium atoms. In the future we envisage to demelmand compact lasers and/or frequency doubling techsitpue
measure other species, including iron and sodium.
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2.5.4 Other

Several secondary parameters are typically derived frenptime observables such as the potential,() and kinetic energy
(Erin), momentum flux, and wave action densities. Note that therlagquires to measure the background mean winds in
order to consider the Doppler shifting effect on gravity esvA Helmholtz decomposition of the flow, i. e., its divergand
rotational component, can be applied to better unterstamgbhysical processes involved. Lidars typically measeal&tive
number densities, n(z), which allows to determiyg, from

2 2
=1 2 (5) o

pot T o N2\
i. e., from number density instead of temperature fluctuatid his allows to reach to higher altitudes and avoids uaitgies
due to the start temperature.
Since VAHCOLI measures the dynamical and thermal compardrihe flow field, the heat flux due to fluctuations caused
by gravity waves can also be derived. Statistical quastéie derived from fluctuations, for example longitudinal transver-
sal structure functions.

2.6 Lidar operation

After manufacturing, installation, and testing in the leddory, the lidar can be transported to the location of ggewhere it
is assembled for operation under field campaign conditibhs.lidar is designed as a sealed and automated systenit ise.,
controlled remotely and can therefore run for long periodbaut any manual operation. This includes to stop measenésn
on short notice and very quickly (from one pulse to anotiegquired by, for example, air safety regulations or by baatler
conditions. Information regarding air safety is curremqitpvided by an internal camera, and weather conditions arégtored
by an external weather station. Further constraints peal/iy external sources, e. g., a weather radar or air traffit@ocan
easily be incorporated into the lidar operation. If coratis are favorable again, the lidar switches on automatieathin less
than one minute.

3 First measurements

In the following we show results from the very first atmospbereasurements by a prototype of a VAHCOLI-unit (‘first i§h
performed in the period 17 to 19 January 2020. Some spe@insadf this lidar are summarized in Table 1. In Fig. 6 we sh
raw count rates observed on 19 January 2020 as detected betideorsDr_z and Dy, (See Fig. 3). The goal of thes
measurements was to perform a first test of the entire lidar, iaser, frequency control and analysis, telescopegcten

system, Doppler free spectroscopy, lidar operation eteleurealistic conditions including rain, low temperagjr@nd storm,

without touching the system for several days. Note that ¥ Bf the telescope was only 38ad which allowed measurements

even during full daylight. According to the description bétlidar presented in section 2.1.2 the confocal etalorakslsted to

a certain frequency,. s, and the power laser is normally tuned by typicall$000 MHz relative to this frequency. In the first
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measurements presented here we concentrated on wind me&sus (Doppler-Mie) and have therefore used a much smaller
frequency range for tuning, namely ondy50 MHz. In the case shown in Figure 6, the etalon’s centrajuescy,v.;, was
chosen such that it coincides with the mean resonance fnegé potassium to allow for a detection of the potassiunetay
The etalon transmits backscattered light from the atmasphéhin a frequency range of. y £ Av,.; whereAv, ;=FWHM/2

and FWHM~7.5 MHz (blue line in Fig. 6). Note that the spectral width bétMie peak is only~0.1 MHz which can be
neglected in this context. Furthermor&y. s is much smaller than the spectral width of the Doppler broadeRayleigh
signal, i. e., only a very small fraction of the backscatteight from the atmosphere passes through the etalon, gidsre
reflected and detected by a separate detector (red line i )ig

At altitudes below the potassium layer the total signal is thubackscattering from molecules (Rayleigh scatterimngl) a
small contribution from Mie scattering from aerosols atadtes below~30 km. When the frequency of the Mie peak is outside
the frequency range of the confocal etalop;+Av.f, the backscattered light from the atmosphere detectédhat stems
from Rayleigh scattering only, whereak;_ r detects Rayleigh (and resonance) scattering plus a snmtilmation from Mie
scattering. The signal d@0r_ i is much larger compared tD,,;. since most of the signal is reflected by the narrow band
confocal etalon (see Fig. 2 and 3). When the power laser émayuis withinv. ;+=Av,. r, however, the signal d ;. includes
Mie scattering which varies when scanning the power lasbereas the contribution from Rayleigh scattering is bdlgica
constant withinv.; =Av,.y because the Rayleigh peak is very flat within=Av. ;. The signal atD ;. can therefore be used
to measure Mie scattering only, which is subsequently usadlbtract the Mie signal from the Rayleigh signal. Furthanem
the signal atD,;. is used to derive the Doppler shift of the Mie peak due to wihdg=igure 6 we show signals from the
detectorsDr_r and D,;;.. The exponential decrease of the Rayleigh signal and somyesweall ‘bumps’ due to aerosol
scattering are clearly visible. After subtracting the Mamtribution the signal can be used to determine a temperatafile
(not shown). Note that temperatures can also be derived therspectral width of the Rayleigh signal (not done in thist fir
test). The Mie signal caused by stratospheric aerosolsuighty 0.1% — 10% of the Rayleigh signal and disappears above
roughly 30 km.

In Fig. 7 we show line-of-sight winds derived from the Doppahift of the Mie peak observed on 19 January with a hei
resolution of 200 m, integrated for a period of 20 minutes1080-18:30:00 LT). As can be seen from this Figure, thereén
frequency of the spectra changes with height, which is usealculate line-of-sight winds. Note that the wind unciettias
shown in the right panel of Fig. 7 deviate substantially fromm estimates presented later (see section 4.1) becauaettia
aerosol distribution is rather different and the lidar pemfiance was not yet optimized. We compare these winds to EEMW
(European Centre for Medium-Range Weather Forecasts)gwovhich are closest in time and space (horizontal resoluti
~9 km). The height resolution of ECMWF winds are approximad0 m and 600 m at 5 km and 25 km, respectively. Here
we have assumed somewhat arbitrarily that the lidar pick&%amf the meridional winds corresponding to a off-zenithdfl
the laser beam by 2.3 degrees. This is certainly realisterwdonsidering that no attempt has been made during thisefsist
to exactly pointing the laser beam to the vertical. In thefethe telescope pointing will be measured with high acxyubsy

an integrated sensor.

10
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The agreement between observations and ECMWF winds is wexy¢pnsidering the constraints regarding temporal/abpati
coverage and sampling, and the fact that this was the vetydstsof the entire lidar using some preliminary optics. Témults
shown in Figure 7 demonstrate that the initial optical aiigmt of the lidar, including laser-beam adjustment retativthe
telescope, was stable under harsh conditions and no neradigt was required. The performance of the lidar duringfitss
light measurements was significantly lower compared to eggefuture capabilities because the telescope and thetidete
system were not yet optimized. As will be explained in mortaién section 6 the efficiency of VAHCOLI-units will be
improved further in the near term future.

4 \fertical/horizontal/temporal resolution and coverage ersus accuracy
4.1 Expected performance

The following calculations of sensitivities and uncertas are based on our experience with a potassium lidar whiash
housed in a container and operated in various remote loatach as on the research vessel Polarstern or in Spitsberge
(von Zahn and Hoffner, 1996; Hoffner and Libken, 2007). lg. Biwe show expected count rates (R) as a function of altit
which in this case reaches the maximum possible value ob&81Hz at 20 km. We have assumed a laser power of 6 mJ (next
generation of this laser) and an efficiency of the detectstesy of 30%. For a typical time and height intervabet5 min and
02=200 m, respectively, and a pulse repetition frequency &0B#s this gives the number of photons as function of akitud
according to equation 1, also shown in Fig. 8. For exampleRfdlx 107 Hz (at 20 km) the number of photons (at 20 km) in a
time and height interval of of 5 min and 200 m, respectivaiyyj,=2x 10°. We have also indicated a typical dark count rate of
20 Hz in Figure 8 which is realistic for state-of-the-artelgbrs. The green line in Figure 8 gives the temperaturertainges
according to equation 5 (see later). The blue lines inditeerrors to measure winds from the shift of the Rayleiglespe
(above 20 km) and from the shift of the Mie peak (below apprkB80. Hereby we have assumed that at 30 km the Mie
signal is 0.5% of the Rayleigh signal increasing to 10% at &0 Khese values are consistent with typical observations of
Mie scattering from stratospheric aerosols but may vargtuttially throughout the season and from one location tdhean
(Langenbach et al., 2019).

The calculation of the wind error is based on our experiehatit takes approximately 100,000 photons to measure a wind
with an accuracy of 1.35 m/s. Within limits (background mo&tc.) the accuracy is proportional to the square-root ef th
number of photons. As can be seen in Figure 8, winds can beumsghwith high precision, i. e., better than 1 m/s below 40 km
and 10 m/s below 70 km, respectively. Due to the small linghyilflie scattering is particularly suitable for measuringas.

In Figure 8 we also indicate the number of photons expectad &n NLC layer assuming a backscatter coefficient at the peak
of 3=3010"1%(m - sr) (see, for example, Fiedler et al., 2009). We also shovcaybackscattered signal from a potassium
layer with a maximum number density of 50 atoms/cm

11
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4.2 Error analysis for Rayleigh temperatures

As is explained above, the lidars being built for VAHCOLI caneasure the Rayleigh signal without contamination due to

aerosols. We consider altitudes sufficiently below the umst height where uncertainties due to the start temperaie

negligible. Starting from an altitude bin centered awith a temperature Tand number density;nthe following equation
350 gives the temperature error in the next height bin {atzie to uncertainties in density measureméxis andAn; at level z

and z, respectively:

2 2
. 29 — 21 n1 Ang Any
AT, = exp < Hp ) g T \/< " ) + < . ) (3)

wheren, is the number density in the altitude bin centered,atand H,, is the pressure scale height. This equation can be

further simplified by assuming théf, ~ H,, within a height interval obz= 2z, — z; (which is typically a few hundred meters
355 only) and that the uncertaintiesin are determined by Poisson statistics of counfiyghotons, i. e.

n; N’L \/ﬁl ’ (I ’ ) ( )

SinceN; ~ N> within the height intervadz we finally get:

2

AT ~=T- .
N(z) (5)
The number of photons counted per time and altitude inteiVét), decreases with altitude according to
2
360 N(2)=Nyes- (Z_f) o~ (z=7res)/Ha ©
z

whereN,..; is the number of photons counted at the reference altitude and ., is the number density scale height. In

Fig. 9 altitude profiles of temperature errors accordingoation 5 are shown assuming a number of photons at the meEr

level (20 km) ofV,.. ;=2x 10° (see above) and,..;=2x 10, respectively. Since count rates are normally suppresdediar

altitudes (to avoid a saturation of detectors) they may beegised at higher altitudes, for example by reducing tle@ation
365 in the receiver. Using telescopes with appropriate diaraéseanother method to focus on certain altitude rangesiginofwe

have assumed an enhancement of N due to ‘cascading’ by a t#c00 (for N,.. ;=2x 10°) at altitudes above 50 km which

leads to areduction @k T by a factor of 10. In total, typical temperature errors anater than 5 K up to the upper mesosphere.

Another method to increase the effective count rate is treige the height rangéx) and/or the integration timé¥{). In Fig.

10 the effect of increasingt and/oréz on temperature errors is shown. More precisely, temper&tuors A7) are shown as
370 afunction of g = (t-02)/(0trer-02rer) Wheredt,. =5 min anddz,..,=200 m, and the number of photons at the reference level

12
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(2re=20 km) isN,..;=2-10°. For example, increasing:-dt by a factor of 60 (e. g., by increasing the integration tinuefr
5 minto 1 hour and the height interval from 200 m to 1 km) desesdhe temperature error at 50 km fra&di=5.3 K (g=1) to
AT=0.7 K (g=60).

4.3 Multi-beam operation and horizontal coverage

375 The flexibility of VAHCOLI allows to place the lidars at distaes which are optimized according to the science objex(see
below). The current plan is to build four VAHCOLI-units (N-4) with five beams (N=5) each, where one beam is pointing
vertically and 4 beams are pointing at a zenith angle of =85° in two orthogonal directions. In Fig. 11 (upper panel)
example of a constellation of four VAHCOLI-units with five di@s each is shown. At any given altitude there are a total of
N1,=5x4=20 laser beams available, which gives a totaﬁﬁfli:wo combinations of horizontal distances. In the lower

380 panelof Fig. 11 these 190 horizontal distances are shoveci@da) for a selection of 12 different scenarios (ordipateluding
the scenario shown in the upper panel of Fig. 11. Horizoralescfrom several kilometers up to hundreds of kilometees ar
detectable where nearly all directions in the horizontahplare covered. Even quasi-equal horizontal distancésinaoather
important information since they are located at differdatps (non-homogeneity) and/or point in different direcs (non-
isotropy).

385 If the beams in all four lidars are aligned equidistantly thaximum horizonal coverage is (Nc(Np-2) -1)x Ax(z) =
11x Ax(z), whereAx(z)= z tan(y) is the (altitude dependent) horizonal distance betweerbeons. For example, fqi=35°
the horizontal distance between two beams at 50 km is 35.0rdrttee maximum horizontal distance covered by 4 lidars
which are located at equal horizontal distances is 385 krmyMigher scenarios may be chosen, for example concentiating
smaller scales by placing the systems very close to each attiechoosing a small zenith angle with similar azimuths. On

390 the other hand, several VAHCOLI-units may be located atdists of several hundred kilometers to concentrate on ggese
on synoptic scales. Any combination of such scenarios maghbsen, of course, depending on the availability of lidad a
appropriate locations.

5 Science capabilities
5.1 General

395 Dynamical processes on medium spatial scales (up to sevenalred km) are important for the atmospheric energy and
momentum budgets which are directly relevant for climatedel® on regional and global scales (see, e. g. Becker, 2003;
Shepherd, 2014). More specifically this concerns the quesibw energy and momentum are transferred from large td smal
scales (or vice versa?) and how the horizontal/verticakgart of energy, momentum, and constituents are desacireelctly.

A prominent example of dynamical impact on the backgrountbaphere is the summer mesopause region at high latitudes

400 where temperatures deviate by up to 100 K from a state whiobrigolled by radiation only. This strong deviation is pairity
caused by gravity waves which deposit energy and momentuhnteaudl to a ‘residual circulation’ and related upwelling and
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cooling. Major aspects of this dynamical control of the aspiwere are only poorly understood due to the complexity of
the problem, both from the experimental and theoreticahtpoi view. In models, the impact of these processes is tjlgica
considered by parameterizations. If, or if not, these patanrations adequately describe the real atmosphereesrbb
verified by comparing models with observations which areb#pof fully characterizing the atmospheric variabilityttzese
medium scales. Temporal and spatial variability is obsgmehe atmosphere at a large range of scales which reflecingar
processes and their (mostly) non-linear interactionsceéSthese fluctuations vary in time and space it is necessangésure
spatial and temporal variations of, e. g., winds and tentpeza simultaneously to achieve a complete picture.

The ultimate aim of VAHCOLI is to characterize the three-dimsional and time-dependent morphology of atmospheric
flow, including gravity waves. This allows to disentanglengoral from spatial variability of the main flow and assoetat
fluxes and to test frequently assumed simplifications in riogléand some observations) regarding homogeneity,apgir
and stationarity. In this paper we concentrate on mediudesca e., horizontal distances of one to few hundred kiltars
and vertical distances of 100 m to several kilometers.

It is often assumed that atmospheric processes on medidas s@ stationary which is very unlikely to be true in gehera
since energy and momentum are continuously removed frorflahe If, or if not, this assumption is perhaps valid within
certain limits or within certain scales may be verified by gaming with suitable observations spanning a sufficiengeaof
temporal and spatial scales. Other assumptions inclutt®moand homogeneity, for example regarding fluctuation=oinal
and meridional direction. Again, such similarities aréheatunlikely because normally the background flow is systealdy
different in zonal compared to meridional directions.

There are several rather fundamental questions in atmdspghamamics where VAHCOLI can contribute to a better un-
derstanding. For example, are the governing processesctiidiions at spatial scales larger than the buoyancy stgles¢e
below) determined by saturation of breaking gravity wavelyoun-isotropic large scale turbulence being dampedaadtyi
by buoyancy, or by a combination of both? Which type of ingitghis most relevant in a specific situation, velocity shea
(Kelvin-Helmholtz instabilities) or convective instaitiiés ? Another fundamental aspect of atmospheric vaitgbédgards the
question if spectra are separable, i. e., if they can be egpckin the form

Alw, kg iy k2) = Ag(w) - A1 (k) - As(ky) - As(k.) )

Separability is frequently assumed to be valid but there fsindamental reason why this should be the case (Fritts éaxhAder,
2003). VAHCOLI aims at contributing to a better understaugddf these fundamental aspects with observations of winds a
temperatures with substantial temporal and spatial résaland coverage.

In atmospheric science the variability of winds and tempees is frequently characterized by a spectral inféx the
expression k (k = wavenumber). For example, zonal windg @s a function of horizontal wavenumbét,] in the range
from few to several hundred kilometers follow a quasi-urseélawu (k) ~ k,f/?’ (Nastrom and Gage, 1985). Keeping the
temporal and spatial variability of the atmosphere in minghay require several days of averaging to actually obseargh s

a behavior (Weinstock, 1996). Furthermore, measugiatpne may not be sufficient to characterize the underlyingsicil

14



https://doi.org/10.5194/amt-2021-33 Atmospheric
Preprint. Discussion started: 10 February 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

435 process unambiguously. For example, gravity waves antifigdaturbulence (see below) may exhibit the same specttadib-
ior in a specific situation, although the fundamental cotsape very different. In any case, the spectral representsthould
include as many observables as possible (zonal/meridi@mital winds, temperatures, kinetic/potential enesgwave action
density, momentum flux, etc.) in terms of vertical/horizimtavenumbers and frequencies.
A powerful tool to describe atmospheric flows is to apply arktebltz decomposition, namely to separate the kinetic gnerg
440 of the flow into divergent and rotational components:

Elﬂn(k) - Erot (k) + Ediv(k) (8)

This sometimes allows to distinguish different physicadqasses from each other (see below). Obviously, this regjuir
3d-observations of the flow. Furthermore, since this sejmeranay vary in time, a time-resolved measurement of theent
horizontal wind vector is required, as is planned for VAHAQOL

445 5.2 Gravity waves

Lidars have frequently been applied to measure gravity saleth in case studies and also deducing climatologies (see
Hauchecorne and Chanin, 1980; Liu and Gardner, 2005; Ratithle 2008; Kaifler et al., 2015; Chu et al., 2018; Baumggeteal.,
2017; Strelnikova et al., 2021, for some examples). Moremdy, lidars have been applied to simultaneously detectiGW
temperatures and winds in the middle atmosphere and to apdlygraph methods which allows to derive potential andtikine

450 energy and to separate upward and downward propagatiom@aten et al., 2015; Strelnikova et al., 2020). Note thakba
ground winds are needed to determine Doppler shifting wisielssential, for example, to unambiguously separate uparat
downward progression of gravity waves, where the lattetctfr example be due to secondary wave generation (Kaiflak et
2017; Becker and Vadas, 2018). Sometimes only certain pattee GW field are measured and dispersion and polarization
relations are applied (plus further assumptions regandimtgopy and/or stationarity) to derive quantitative fes(Ern et al.,

455 2004; Pautet et al., 2015).

To exploit the capabilities of VAHCOLI of studying gravityaves, we concentrate on waves with medium frequencies, i.

e., o >f~10"%/s at mid latitudesq = intrinsic frequency, f = Coriolis parameter). Correspimgdperiods are smaller than
roughly 17 h and, of course, larger than the Brunt-VaisaM)(Beriod of several minutes. Sindéy;,/E,..;=?/ f2 >1 this
implies that the divergent part of the GW flow is much largenpared to the rotational component.

460 The dispersion relation for gravity waves (assuming tha& 4r-H) is

k2 ok,
K2+k2 k2t k2

where N is the Brunt-Vaiséala frequency, apds the angle between the phase propagation direction anbatizontal

=cos(yp) for N> f 9)

w
N

direction (see Dornbrack et al., 2017, for a recent summatidar applications for atmospheric GW detection). Foriirgic
periods significantly larger than the Brunt-Vaisala perodit still smaller than f), we have/N < 1, i.e.,p ~90°, i. e., the
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465 phase progression is nearly vertical. We note, that lidezsalso capable of detecting GW with larger periods, i. ertiae
gravity waves, both in winds and temperatures (Baumgattah,&015).

A graphic representation of the dispersion relation is showFig. 12. Several investigations have studied the spsaifi
GW which normally propagate from low to high altitudes irdilug the question which part of these GW can be observed by
satellites (see, for example, Preusse et al., 2008; Alextagtchl., 2010). We do not include radiosondes and balloens h

470 due to their sporadic nature and limited height coveragéliBas can only observe GW with typical horizontal/vedi
wavelengths larger than appr. 50-100 km and 3-5 km, and geetayger than typically 1-2 hours. However, the effect of
high frequency waves on the circulation is crucial sincewbsical flux of horizontal pseudo-momentum is given By =
ww’-p-(1— f2/&?) which is largest for mid and high frequency gravity wavesg,.ewheny > f (Fritts and Alexander, 2003).
As can be seen from Figure 12 VAHCOLI covers an important phtthe gravity wave spectrum which is not accessible by

475 satellites, in particular waves with small horizontal waveths and small periods (large frequencies). As mentidiedore,
the phase of these waves preferentially propagates Vgrtieag., the energy propagates obliquely.

The aim of VAHOCLI is to characterize the three-dimensidimak-dependent morphology of gravity waves. A compre-
hensive characterization of gravity wave propagationiregito measure the three-dimensional vector of phase gadipa, i.
e., the vertical and the horizontal components. Horizdiiaks of gravity wave momentum are typically ignored (conepa

480 to vertical) in middle atmosphere modeling where it is ofsmsumed that the effect of gravity waves takes place djrectl
above the source and instantaneously. It is known from mstdelies, however, that GW can propagate over large hoazont
distances before depositing momentum and energy (Alexah€ie6; Ehard et al., 2017; Stephan et al., 2020). Furthexmo
a background varying with time can change the propagatiddWwf(e. g., by refraction) and can drastically modify the de-
position of momentum and its effect on the background flownn{8ed Achatz, 2011). Simulations of GW propagation show

485 that the horizontal distance between wave packets usuadhgases with altitude (see, for example, Alexander andd&ar
2007). This is favorable for VAHCOLI since the horizontastdince between obliquely pointing beams also increasés wit
altitude (see Figure 11). Furthermore, it is known that thetial and temporal distribution of gravity wave sourcdiiences
their effect on middle atmosphere dynamics (Sacha et d@62@ more fundamental question addresses the role ofinea
interactions of gravity waves compared to a quasi-linepegoosition. This leads to rather different concepts rdiggrgrav-

490 ity wave parametrization (Lindzen, 1981; Gavrilov, 199@ift6 and Lu, 1993; Medvedev and Klaassen, 1995; Hines, ;1997
Becker and Schmitz, 2002). It could well be that the appiiistof one concept or the other depends on the temporai&pa
scales under consideration. In order to measure and stedffécts outlined above it is obviously necessary to olesgrav-
ity waves in all directions over a longer period of severalifsoor even days, and with sufficient horizontal coveragehSu
instrumental capabilities are envisaged for VAHCOLI.

495 5.3 Stratified turbulence (ST)

The concept of stratified turbulence (ST) has recently beseldped to explain the energy cascading in stratified flaws a
mesoscales as an alternative to classical linear or neaslibreakdown of gravity waves. This transfer is relevantlie
momentum and energy budgets which affect the Lorenz cyddtzareby (regional) climate modeling. Lindborg (2006) has
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developed an energy cascade theory for these scales imglgtatratified fluid which involves horizontal and vertidahgth
scales as well as kinetic and potential energy. The theo8/dfias recently been applied to wind measurements by radars i
the mesopause region (Chau et al., 2020).

ST resembles the well-known energy spectra (horizontadtidinenergy and potential energy) characterizede/ 3
(Nastrom and Gage, 1985). This theory invokes strong nueglities (in contrast to 2D-turbulence and to weakly menli
ear interacting gravity waves) and the cascading of enemy farge to small scales (see, for example Billant and Clzoma
2001; Lindborg, 2006; Brethouwer et al., 2007; LindborgD20and references therein). It covers horizontal scaledlem
than synoptic scaled,) and larger than buoyancy.f) and Ozmidov L) scales, and it covers vertical scales betwégn
andLo. The Ozmidov scaIeLO:\/e/W describes the largest scales in classical isotropic Kobrmgturbulence which are
not effected by buoyancy (N=0.02/s ;e = energy dissipation rate of turbulence). The buoyancyesEgtuy, /N (up,= typical
horizontal velocities of ST) characterizes the largestizarscale of stratified turbulence, wherelas= u; 3 /¢ is the largest
horizontal scale of ST structures. Variability at scalegéa thanL,, are related to large scale processes dominated by the
Coriolis force. Introducing typical Kolmogorov isotropiarbulence veIocities:,Lt:\/e/—N, several relationships can be de-
rived, such ad.;/Ly=(uplus)? and L,/ Lo=(un/us)?. The magnitude of the outer scale of SI,j is typically a few hundred
kilometers (see, for example Avsarkisov et al., 2021).

Order of magnitude estimates for velocities and time consteelated to these scales are derived from expressiohsasuc
up= /Ly, - € and,= Lyluy. Applying typical values, namely N=0.02/s (BV period = 5)ier100 mW/kg, and.;,=100 km
results in the following order-of-magnitude valuds,=1.01 km,Lp=0.112 km,u,=21 m/s,u;=2.24 m/su/u;=9.6, and
T, =77 min, respectively. A collection of relationships angnesentative values is presented in Table 2. A more detai
representation of spatial and temporal scales as well asities associated with stratified turbulence is shown q EB for
a large range oé-values. Note that most quantities depend on season,datitand altitude (regardingsee, for example,
Libken, 1997). Some dimensionless numbers are frequesdg to characterize the relevance of physical processes. Fo
example, the horizontal Froude number, which is the ratioefial to buoyancy forces, must be small to allow for STtz
Frp< 1. Note thatF'r,= up,/(N- Ly) = Ly/Ly= €/(N- up?). IndeedF'r;, is very small for the examples shown in Table 2.
Another relevant parameter is the buoyancy Reynolds nunihgr ¢/(v - N?), which should be large both for ST and for
the Kelvin-Helmholtz instability regimeA= kinematic viscosity). In the height range from the loweagisphere to the upper
mesosphere, and turbulence intensities=f0 mW/kg ande=100 mW/kg this parameter varies betwekn,=2.5x 10° to
Rep=25 andRe;,=2.5x 10° to Re,=250, respectively, i. eRe, is indeed much larger than unity. Regarding the application
VAHCOLI we note that the requirements to cover ST scales ahamvertical/horizontal resolution of 200m/2km, a horiza
coverage of up to 200 km, and temporal and velocity resaistaf 10-20 min and 0.5-1 m/s, respectively, are well withia t
instrumental capabilities of VAHCOLI. The temporal deva@teent of the flow is important to judge various forcings, eyer
injection, the conversion ot and Ey;,,, and the transition to stationary conditions (see, e.q¢lhorg, 2006).

There are several aspects of ST theory which are partigulalévant for a comparison with observations by VAHCOLI.
For addressing the question, if energy is cascading frogelty small scales (‘forward’) or the other way around ('irses)
it is helpful to consider not only the horizontal kinetic egye spectra (typically from aircraft observations) butoathe ver-
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tical spectra of horizontal kinetic and potential energpid¢ally from balloon borne observations (Li and Lindbo2§)18;
Alisse and Sidi, 2000; Hertzog et al., 2002). Note that a &mental scale invariance of the Boussinesq equations iimtite
of strong stratification implies an equi-partitioning oftpntial and kinetic energy (Billant and Chomaz, 2001). Reia
spectra, the ST theory (invoking downscale energy flow) iptedhat vorticity® (k) and divergenc& (k) spectra should be
of similar magnitude® (k) ~ ¥ (k), whereas for spectra dominated by gravity waves one woylde® (k) < ¥(k), and for
stratified turbulence dominated by vortical coherent stmgs one expectB(k) > ¥ (k). Furthermore, it is helpful to measure
spectra of longitudinal and transversal velocity struefunctions simultaneously (Lindborg, 2007).

In summary, the expected horizontal and vertical coverdgbeoflow field by VAHCOLI will allow to study details of
the relationship between rotational and divergent comptsnef mesoscale dynamics including the important questiow
energy is transfered from large to small scales. The ingniat capabilities of VAHCOLI will cover spatial and temjpbr
scales being highly relevant for mesoscales. Apart fromHaknholtz decomposition there are other important quiastit
such as the helicity, He= rot(v), which may be helpful to separate vortical coherent stmestfrom GW and to characterize
the flow and its potential impact on the background atmosp(darino et al., 2013). Again, such a comprehensive arslysi
requires a 3d-characterization of the flow field, as is em@degor VAHCOLI.

5.4 Other dynamical parameters

There are several dynamical processes in the atmosphethk take place at spatial or temporal scales which are noyroatt
side the range of VAHCOLI, at least for the time being. Forrapée, the smallest scales of inertial range turbulence matb®
order of L,, = (v®/¢)'/4. Measuring fluctuations dt,, scales offers a unique chance to unambiguously deterainigbken,
1992). However/,, varies by several orders of magnitude from the troposploeiteetupper mesosphere and is in the range of
centimeters to several meters only. It will be challengimgetect fluctuations at these scales by, for example, gasneral
VAHCOLI-units very close to each other. On the other handasneing the longitudinal and transversal structure fumstiof
winds and temperatures at somewhat larger scales alsosaitoderive reasonable estimatessoFurthermore, we envisage
to measure the spectral broadening of the stratosphegs@lesignal to an extent that allows to deduce turbulentoieds.
Note that typical turbulent velocities are on the order of/$ (see Table 2) which corresponds to a spectral broadehthg o
Mie peak of 2.5 MHz. This is much larger than the Doppler beyadg of the Mie peak due to Brownian motions (roughly
0.1 MHz).

Trace constituents may sometimes be used as passive tfac&ansport and mixing. This mainly concerns vertical and
horizontal advection and mixing of stratospheric aeroaals$ noctilucent clouds, but also the transport of metal atd@are
needs to be taken when interpreting such measurementsthigge constituents may not be passive tracers, i. e., thgy ma
experience modifications, for example, by variable backgddemperatures. In the future we envisage to measure soaddl
turbulence (see above) and to improve the spatial resoluticaerosol observations to an extend that the eddy caoelat
technique to measure turbulent transport should be ajyidica

On the other side of the spectrum of scales, tides are glalzdé henomena with horizontal wavelengths of several
hundred kilometers. Certainly, the relevant periods antios wavelengths are within the scope of standard MLT rida
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(see Baumgarten et al., 2018, for a recent example). Regphdirizontal wavelengths, one could consider placing reg¢ve
VAHCOLI-units at very large distances.

Dynamical phenomena are frequently characterized by lediog statistical quantities, such as the variance anddrigno-
ments (skewness, kurtosis, etc.) as well as intermittéheg.to the operational advantages of VAHCOLI (low cost, terated
operation, low infrastructure demands, long-term stgbdéic.) there is an opportunity to extend such an analysls-tor
multi-variate distributions, for example, correlatingndicomponents at various places with each other, or with ¢eatipres.

5.5 NLC, PSC, background aerosols, and metal densities

Ice layers in the summer mesosphere at middle and polardastare known as NLC (‘noctilucent clouds’) (Gadsden armt@ter,
1989). They exhibit a large range of temporal/spatial \alitgt which can even be observed by naked eye or by camerat &o
these variations are presumably related to gravity waidess tand associated instability processes (see BaumgarteFritts,
2014, for a more recent example). NLC are studied in greatildst modern lidars which sometimes detect temporal fluctua
tions on time scales down to seconds, or other unexpecteaatbéastics (Hansen et al., 1989; Alpers et al., 2001; Garét al.,
2001; Kaifler et al., 2013). NLC are frequently used in modscribing dynamical phenomena such as gravity wave break-
ing (Fritts et al., 2017). This raises the question, up toclticales NLC can be treated as passive tracers. Note tleabkev
processes act on similar temporal and spatial scales, &onpbe, nucleation, sedimentation, and horizontal trartsparther-
more, there is an impressive amount of observations of mpésog ice clouds available from satellites, which somesrshow
unexpected temporal and/or spatial variations ('voidsge(Russell 1l et al., 2009, for details on a more recentigataission
dedicated to NLC science). Understanding the physics of Bli@portant, for example, to interpret long term variasatfiice
layers and their potential relationship to climate charideMas, 1996; von Zahn, 2003; Libken et al., 2018). Simderse
questions occur regarding PSC, which also play a crucial robzone chemistry. Very thin layers of background aesosol
have been observed in the stratosphere which are presumelsgd by intrusion of mid-latitude air into the winter pola
vortex (see, for example, Plumb et al., 1994; Langenbach,&049). Several VAHCOLI-units could be placed at appiater
locations, e. g., at the edge of the polar vortex, to obséréemporal and spatial development of such intrusions.

For solving some of the open science questions regarding IRISC, and background aerosols, it is very helpful to distin-
guish between temporal and spatial (horizontal) variatiamd to know the status of the background atmosphere. VAHCO
is designed to detect these aerosol fluctuations and towablackground temperatures and winds simultaneously byiagp
high resolution spectral filtering (see section 2.5.2).

Despite substantial progress in recent years, the physitlaemistry of metal layers still leaves many open question
for example, regarding their (meteoric) origin, their $pladnd seasonal distribution, the impact of diffusion andtlent
transport, as well as the effect of gravity waves and tidesumber density profiles (see Plane, 2003, for a recent remiew
mesospheric metals). The morphology of metal profiles sféevariety of phenomena on short spatial and temporal scales
such as sudden (sporadic) layers and their connection ¢ajireric processes, or the uptake of metal densities omitielps
(see, i.e., Hansen and von Zahn, 1990; Alpers et al., 1998n€et al., 1996; Plane et al., 2004; Libken and H6ffnef40
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Many of these anomalies can best be studied by distingujgieimporal from spatial variations. VAHCOLI is designed to
observe metal layers (potassium for now) at various lonatigith high time resolution.

6 Outlook and Conclusion

Several improvements regarding the technical performahlgars being used for VAHCOLI are currently in progressaoe
foreseen for the near term future. This concerns, for exantpé optical layout of the telescope, the development dfimu
beam operation, and the output of the power laser. A poweease of up to several Watt applying ring-laser technolsgy i
currently under development, even without employing a spamplification stage. The VAHCOLI-units are designeddo
extended to further wavelengths, for example by instalirsgcond seeder laser and a SHG (second harmonic genetation)
simultaneously apply resonance scattering on potassigi@i/0 nm) and ironX=386 nm), all during night and day. Stimulated
Raman emission may also be considered for producing lagdrifi the infrared.

The robust and compact design of the VAHCOLI-units and teiind-alone operation capability allows to consider some-
what extraordinary operations, for example on air planalipbns, ships or trains, or at remote places such as Spisher
Antarctica. Some of these applications have been proveattediistic, however so far with a substantial effort regagdiechni-
cal realization, man-power, and costs (von Zahn et al., 1l9866ner and Libken, 2007; Libken et al., 2017; Chu et alL80
VAHCOLI may also be extended to other wavelengths beingraglefor thermospheric or space applications (Hoffner et al
2018; Munk et al., 2018; Hoffner et al., 2019). Due to its cactilesign and autonomous operation a VAHCOLI-unit may also
be of interest for measurements from satellites (Strotkangb., 2019). The final aim is to further improve the VAHCQUuits
and to develop a cost-effective multi-purpose lidar wheresal systems may be employed at various locations, bgiegted
quasi-autonomously.

In summary, we have presented the VAHCOLI concept whichistsief a cluster of lidars (‘units’) to study the middle
atmosphere in four dimensions, namely high temporal, seditand horizontal resolution and coverage. The concéipsren
the development of a new type of lidar which is compaetif?®), can be operated stand-alone during night and day (even
under harsh field conditions), and still offers a perfornewhich is comparable to, or even better than existing lideing
innovative approach for this lidar is based on very fast aigt Bpectral resolution spectroscopy. Apart from a narrawcb
spectral filter in the detector system (confocal etalon:Mtz) the key component of the new lidar is a newly developed
diode-pumped alexandrite laser which offers a small lingtiwof ~3.3 MHz which is significantly better compared to most
lasers currently being used in lidars (e. g. Nd:YAG and kegemped by Nd:YAG~50-100 MHz). The laser is flexible
and can be tuned quickly over, for example, a Doppler broadéine originating from atmospheric Rayleigh or resonance
scattering. At the same time the laser can also cover a laegeiéncy range and may be used for other absorption lines.
The flexibility of the lidar allows to concentrate and optm@ithe performance regarding certain height ranges or atmeois
parameters, for example, measuring winds from stratosplerosols or temperatures from resonance scatteringiagper
mesosphere/lower thermosphere. For the first time, teressand winds from Rayleigh and/or resonance scatteandpe
deduced in the presence of aerosols (stratospheric agrosaitilucent clouds). The compact layout of the lidar meduthe
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requests on optical alignment. Since these lidars allowraarmous operation under harsh field conditions at remoggituts,
they are ideally suited for the VAHCOLI concept, namely tgxéoy a cluster of these units to simultaneously cover atihesp
parameters in the vertical and horizontal direction witffisient spatial and temporal resolution. The units shallcbst-
effective using off-the-shelf components and 3d-printiignechanical subsystems. In this paper we have discussee so
relevant science applications of such observations, famgte regarding gravity waves and stratified turbulence héie
presented measurements of a first prototype of such a lidehwtemonstrates the suitability of the new lidar for VAHCIOL
This paper has addressed just a selection of the numerauws fypplication scenarios of VAHCOLI.

Data availability. Data are available at: https://www.radar-service.eair@t/dataset/cZf\WBGTffZIhILdHs?token=xjEfCgY JrPfxWiksuxQ
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laser power

repetition rate

laser energy per pulse
laser pulse length

laser beam profile
laser beam divergence
telescope field-of-view
Av of power laser

Av of seeder laser
wavelength

Av of interference filter
Av of broad band etalon

Av of confocal etalon

1w
500 Hz
2md
780 ns (234 m)
ME1.1
~10-15urad
3prad
3.3 MHz
~0.1 MHz
769.898 nm ; K(D
150 GHz
1000 MHz

7.5 MHz

Av = spectral width (FWHM)

Table 1. Specifications of the prototype lidar being used for the fireasurements in January 2020.

Tables
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L,=100 km L,=400 km
=10 =100 =10  =100"
L, = (Bl 0.100  0.056  0.100 0.056
Lo = /¢/N3 35 112 35 112
Ly = up/N 500 1077 793 1709
Ln = up’/e is given above
un = \/e/—N =Lo-N 0.71 2.24 0.71 2.24
Up, = JLn-e=Ly-N 10.0 21.5 15.9 34.2
TO = Lolus= 1IN 0.83 0.83 0.83 0.83
= 7= Lplup=1/N
h = Lplup= Lpl(Ly- N) 167 7 420 195
= (unlud)® IN
LolL, = Re®* 354 1988 354 1988
LolLo =  uplu=1UFr,"/? 14 10 22 15
LulLy, = (unlug)? 200 93 504 234
= w?Nle=1/Fp
LplLo = (unlue)® = UFr,3/? 2826 894 11304 3574
Rey, = ¢/(v-N?) 2500 25000 2500 25000

Y ¢ in mWi/kg. All lengths in m, all velocities in m/s, all time cstants in minutes.

Table 2.Length scales, typical velocities, time constants, angbuarratios of length scales relevant for (stratified) tiehoe. The scales are
shown for two cases df, namelyL;, =100 km andL; =400 km, as well as for two cases of energy dissipation rateamelye=10 mW/kg
ande=100 mW/kg. For the kinematic viscosity a value:sf0.01 nt/s was chosen which is typical for an altitude of 45 km (notat th
increases exponentially with increasing height). Seeftexnore details.
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Figures

optics telescope
(receiver etc.) automatic hatch

power laser
(hidden)

house-
keeping

temperature

stabilization
seeder pC
laser

water pump
for temperature
control

Figure 1. Foto and technical drawing of a lidar being used for VAHCC&dme important parts can be recognized, such as the tetesbep
seeder laser, and the PC. Temperature control and stalboifizaifferent for different sections) is realized using\entilation and a water
cooling system. The dimensions of a VAHCOLI-unit (withol¢twheels and with closed hatch) are 96 cm x 96 cm x 110 cm flengtdth
x height). The weight is approximately 400 kg, and the povezisamption 500 Watt under full operation.
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Figure 2. Schematic of typical spectral widths (FWHM) relevant forMBOLI. The spectral widths (in MHz) are given in the inseru&
Doppler broadened Rayleigh signal (same order of magnidesonance scattering), red: Mie scattering by aerpgoten: spectrum of
the power laser, orange: spectrum of the confocal etal@e @pectral range: 1000 MHz), in this case centered at thepbti&. Doppler

shifting by background winds leads to a shift of approxirtyae6 MHz for a wind of 1 m/s.
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Chopper
IF + confocal
\\ 6% > A——pP—— broad etalon S
etalon
/ /
/
Power laser w
A
é > p| Doppler free spectroscopy

4 |

Seeder laser {—— — — — — — — — — — |

Figure 3. Sketch of a lidar being used for VAHCOLI. The frequency of ffwever laser (green) is controlled by a seeder laser (blughwvh
itself is controlled by high precision Doppler free spestrapy. When the chopper is open, the signal from the atmosijred) is fed into
the receiver system which consists of a broad band interterélter (IF, Av=150 GHz), a broad band etaloA£=1000 MHz), a narrow
band confocal etalonX»=7.5 MHz), and detectors for the Rayleigh/resonance (‘lRaRd Mie channels. When the chopper is closed, parts

of the seeder and power lasers are fed into the receivemsystmeasure their frequencies.

32



https://doi.org/10.5194/amt-2021-33 Atmospheric
Preprint. Discussion started: 10 February 2021 Measurement
(© Author(s) 2021. CC BY 4.0 License. Techniques

Discussions
By

'|.O_ """"" prorrrrrTT [ro T prorrrrrT |_
! :
> - -
O o i
Z 0.6 —
O B i
I3 [ ]
= i i
(- o _
L 0.2 _
< i 7

0.0 bomesimim e srbesm= 1 ], |, Ll L LT i

-50 —40 -30 =20 =10 O 50

frequency [MHZz]

Figure 4. Measurement of the convolution of the spectra of the povsarl€FWHM-~3.3 MHz) and the confocal etalon (FWHM 7.5 MHz)
taken for a period of-5 minutes (150,000 pulses) during first light operation imutay 2020. The power laser is tuned over the spectrum of
the confocal etalon where a total of 50 individual mean festies of the power laser with a difference of 2 MHz each aoseh (vertical

red lines). The power laser matches the requested mearefreigs to better tharn100 kHz, which is within the thickness of the red lines.
The dashed red line is an approximate envelope of the vergdaines. The black line is the spectrum of the confocaloetaneasured
separately by tuning the seeder laser over the spectrune obtfifocal etalon. The slightly asymmetric shape of the esthed line is a result

of a non-perfect optical alignment.
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Figure 5. Upper panel: Frequency of the seeder laser determined withearesolution of 1/10 second. More precisely the diffesmn
between the nominal frequency and the actual frequenceestawn, where the latter are determined by comparing wgh precision
Doppler-free spectroscopy. Note that the seeder was tymedd down within a range of 100 MHz and several scans aregaenaithin a
time period of 1/10 s. The mean of the frequency differenlig4 kHz, and the RMS of the fluctuations is 170 kHz. Lowerghasame,
but for the confocal etalon. The seeder laser from the upaeelds fed into the confocal etalon and the nominal frequésicompared to
the actual (seeder laser) frequency. The mean of the fregufierence is 187.92 kHz, and the RMS of the fluctuation278 kHz. For
comparison, note that a wind speed of 0.1 m/s correspondfegaency shift of 260 kHz.
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19. Jan 2020, 18:17:31-22:21:15 LT
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Figure 6. Altitude profiles of raw backscattered signals (‘first liglabserved by the detectoi3r_r and Dy, observed on 19. January
2020, 18:17:31-22:21:15 LT (see Fig. 3). Red lider( r): mainly Rayleigh scattering on molecules (belew0 km) and resonance
scattering on potassium atoms{5-100 km). Blue Dar;.): Mie scattering on stratospheric aerosols. Belo80 km the signal aDr_r

includes a very small contribution from Mie scattering whis subtracted during further processing (see text for rdetails). The decrease

counts per 200m

of the signals below approximately 5 km is caused by the chgfgbocking the atmospheric signal.
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Figure 7. Wind profiles from a prototype of a VAHCOLI-unit as derivedfin the Doppler shift of the Mie signal. Left panel: spectrahaf
Mie signal (relative to the mean frequeney) as a function of altitude. The shift of the spectra relatve, is used to derive line-of-sight
winds. Right panel: observed line-of-sight wind profiledlene and error bars) with a height resolution of 200 m, ireggd in the time
period 18:10:00-18:30:00 LT on January 19, 2020. Black lE@MWF wind profile closest in time and space. A small fract{d%) of
ECMWEF meridional winds has been added to ECMWF vertical wiassuming that the lidar has a small tilt relative to theicarby 2.3
degrees. See text for more details.
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Figure 8. Sensitivity to measure temperatures, winds, and aerdsolger abscissa, orange: count rate; red: number of photdps) (per
time and height interval aft=5 min andd==200 min, respectivelylV,, would increase by a factor of 60 if insteatk1 hour andyz=1 km
had been chosen. Black lines at 80-100 km: approximate nuafipotons expected from the K and NLC layers. The verticahge lines
indicate the maximum achievable count rate’(Hz) and typical dark count rates of the detector (20 Hz). Wjbscissa: green: temperature
error for an integration time and altitude bind&f1 hour andyz=1 km, respectively. Blue: error of winds obtained from sispheric aerosols
(Doppler-Mie, lower part) and from Doppler-Rayleigh (uppart). These calculations assume a laser energy of 6 mhanckeall detection

efficiency of 30%.
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Figure 9. Temperature error according to equation 5. Here we haveressthat the number of photons counted at 20 km altitude per
time-interval§t=5 min and height-intervaiz=200 m is 210° (red) and 210° (green), respectively. The dashed red line indicates fleetef
of cascading the detector by a factor of 100 (see text for rdetails).
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Figure 10.Impact of increasing the timé{) and/or the height intervab¢) on the temperature error from equation 5. Temperaturesare
shown as a function of g B¢-02)/(5tc ;-0 zre ) Wherest, . ;=5 min andiz,.. ;=200 m.N,.;=2-10° is the number of photons af. ;=20 km.
The upper abscissa shows the time intetvah minutes if§z=1000 m.
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Figure 11. Horizontal coverage by VAHCOLI consisting of 4 units with 8ams each. Upper panel: example of positions of 4 lidarg (wit
5 beams each) located at horizontal positions (x,y) of @/k8ue), (-20/0, green), (0/10, orange), and (70/0, rdbli &m. At each location
the zenith angles of the 5 beams afe 85°, 35°, 35°, and 35. The azimuth angles of the 4 tilted beams at all 4 stationgl&te135’,
225, and 315. The locations of the beams at certain altitudes, namelyn204k km, 60 km, and 80 km, are marked by small circles. Thin
black lines show all horizontal connections between thdesrat 60 km. Lower panel: Horizontal coverage by 4 lidarth \wibeams each,
where the 4 locations are chosen from various scenario$. fiint gives the horizontal distance between two beams altiade of 20 km
(circles) or 60 km (stars). The size of the symbols indic#ttes several identical distances are represented. Thesdaldicate the azimuth
of these connections: red: east-west(@0°), blue: north-south (90+20°), black: others. The corresponding number of cases agsllist
on the left ordinate (total of 190). The uppermost scendrighlighted by small arrows) shows the case presented inpper panel. The
vertical lines indicate scales which are relevant for Bteat turbulence (see section 5.3 for more details).
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Figure 12. Scales of gravity waves relevant for VAHCOLI deduced frore tlispersion relation of gravity waves for mid frequencies
(equation 9). Horizontal wavelengths are shown as a fumctfontrinsic period for various vertical wavelengths @ad lines). The angle

of phase propagation relative to the horizontal direct®given on the top abscissa. The hatched area (top rightiatedi the lower part of
ranges covered by satellites.
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Figure 13. Typical scales relevant for stratified turbulence (ST) agation of turbulent energy dissipation ratg (_ength scales (left axis):
largest horizontal scales of ST£, green), buoyancy scaleg, black), and Ozmidov scale4., blue). Typical time scales¢, right red
axis) and horizontal velocities:f, right black axis) related tdé,;, are shown, as well as typical turbulent velocities)( The red dotted line
indicates a typical Brunt-Vaisala period£ All scales are shown for two cases, namgly=100 km (solid lines) and.;,=400 km (dashed
lines). The scales are defined in section 5.3. See also Table 2
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