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Abstract. A new concept for a cluster of compact lidar systems named®@HI (Vertical And Horizontal COverage by LI-
dars) is presented which allowsmeasure for the measurementemperatures, winds, and aerosols in the middle atmosphere
(~10-110 km) with high temporal and vertical resolution of otigs and some tens of meters, respectively, simultanecogly
ering horizontal scales from few hundred meters to sevenadired kilometers ('four-dimensional coverage’). Theiviatlal

5 lidars ('units’) being used in VAHCOLI are based on a diode¥ped alexandrite laser, currently designed to detectspota
sium (\=770 nm), as well as on sophisticated laser spectroscopguriag all relevant frequencies (seeder laser, power,laser
backscattered light) with high temporal resolution (2 nas)d high spectral resolution applying Doppler-free spescinpy.
The frequency of the lasers and the narrow-band filter inegleiving system are stabilized to typically 10-100 kHz whg
a factor of roughly 165 smaller than the Doppler-broadened Rayleigh signal. Natrand filtering allowse-measure for the

10 measurement Rayleigh and/or resonance scattering separately fronetiosal (Mie) signal both during night and day. Lidars
used for VAHCOLI are compact (volume:1 m?) and are multi-purpose systems which employ contempoitaggrenical,
optical, and mechanical components. The units are designadtonomously operate under harsh field conditions in temo
locations. An error analysis with parameters of the arditgd system demonstrates that temperatures and lingfafvginds
can be measured from the lower stratosphere to the uppersptes@ with an accuracy af(0.1-5) K and+(0.1-10) m/s,

15 respectively, increasing with altitude. We demonstrat¢ some crucial dynamical processes in the middle atmospéigch as
gravity waves and stratified turbulence, can be covered lyGRBLI with sufficient temporal/vertical/horizontal sarimg and
resolution. The four-dimensional capabilities of VAHCCillow teperferm for the performance time-dependent analysis of
the flow field, for example employing Helmholtz decompositiandfor carryingout statistical tests regarding intermittency,
helicity etc. First test measurements under field conditiwith a prototype lidabeirgbuiitfor VAHCOLE were performed in

20 January 2020. The lidar operated successfully during a sekvperiod (night and day) without any adjustment. The ofaser
tions covered a height range e5—100 km and demonstrated the capability and applicalafityris unit for the VAHCOLI

concept.

1 Introduction

Lidars (light detection and ranging) have besgspled usedn atmospheric researchnce formany yearsHere In this work
25 we concentrate on the middle atmosphere, namely on thadsdtitange 10-120 km. Different techniques have been used to
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measure, e. g., temperatures, winds, aerosols, metatidenas well as atmospheric characteristics deduced fromemb-
servations, such as gravity waves or trends (see, for exatdplichecorne and Chanin, 1980; von Zahn et al., 1988; Siig et
1995; Keckhut et al., 1995; Gardner et al., 2001; Collind.e£809, and references therein). Backscattering fronemdes
(Rayleigh, Raman), from aerosols (Mie), as well as resomawattering from metal atoms in the upper mesophere/lower
thermosphere have been applied to deduce number denbidielksgfound and metals), temperatures, winds, and imgortan
characteristics of aerosols (size, number densities) asictoctilucent clouds (NLC) and polar stratospheric clqiRE&C). In
the standard setup lidars perform measurements in theakbtit oblique soundings have also been applied occagipeal
g. for the lidars at ALOMAR (Arctic Lidar Observatory for Mitle Atmosphere Research) and at the Starfire Optical Range
(von Zahn et al., 2000; Chu et al., 2005). Typical altitudd &me intervalsior these measuremerase 100 m and 10 min,
respectivelyyheremuch better altitude/time resolutions have occasionadrbachieved. In summary, lidars measure highly
relevant atmospheric parameters with high temporal anttbaéresolution. The main disadvantage of lidars is thaeobations
are normally made in a single column with very limited horitad coverage, and often only during darkness and, of course
only during clear sky conditions. Lidars have also been lbg@ezl for applications on airplanes and balloons which caret
substantial horizontal distances but are limited in résgltemporal/spatial ambiguities (see, for example, Skhepht al.,
1994; Voigt et al., 2018; Fritts et al., 202Cjurthermere, Additionallytheseairborneapplications are rather complex and
costly and are therefore only performed sporadicéllgre recently, a compact and autonomous Rayleigh/Mie/Relidar
has been developed for middle atmosphere research whialevieo cannot measure winds nor be operated during daylight
(Kaifler and Kaifler, 2021)Lidars on satellites, e. g., CALIPSO (Cloud-Aerosol Lidaddnfrared Pathfinder Satellite Obser-
vations) have also been developed and have been used toreeasy, PSC (see overviews in Weitkamp, 2009; Winker et al.
2009). However, so far the application of these satelldark regarding middle atmosphere research is restrictedodineir
limited height coverage. For example, the spaceborne vidiad inission ADM-Aeolus (Atmospheric Dynamics Mission Ae-
olus) aims at observing winds up to 30 km (Reitebuch, 201&)u@d-based techniques other than lidar have been dewktlope
to cover larger horizontal distances in the middle atmospligke the Advanced Mesospheric Temperature Mapper (ANITM
which is based on airglow emissions in the mesopause reBeutét et al., 2015). Multistatic radars are now availabla¢a-
sure winds in the upper mesosphere/lower thermosphereewiémded horizontal coverage (Chau et al., 2017; Vierinah e
2019). Compared to lidars these techniques cover a rath@etl height range. Quasi-permanent wind observationken t
stratosphere and mesosphere are performed applying naiced@chnology, howevesith these techniques havather poor
temporal and height resolution of hours to days, and sekdmheters, respectively (see, e.g., Rifenacht et al.328hd
references therein).

The VAHCOLI concept of placing a cluster of lidars ('unitst) various locations relies crucially on individual instrents
being specially designed and developed for this purposevWeherefore first describe the technical concept and perfocea
of such a unit. The main ideanderlying the VAHCOLI concepis to use modern technology to drastically miniaturize and
simplify all lidar sub-components such as laser, telescapeé receiver systenhereathemeasuremendapabiliiesshallbe
simttar-erevenbetter while maintaining similar or better measuremengcéjgscompared to contemporary existing lidars.
Furthermore, sophisticated laser spectroscopy methadskshapplied to measure the spectrum of the backscattayedl s
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with high spectral resolution, accuracy, and sampling. rékés allows, for example, to separate backscattered ksidram
molecules (Rayleigh) and aerosols (Mie) and to measure Bopjidths and shifts of the backscattered signal simutiasky.

A VAHCOLI-unit shall be robustnoughso that it can easily be operatedtomaticallyunder field conditions with minimal
supportingnfrastructure during both day and night. A network of savef these lidarshat will be placed at various locations,
and each lidar shall be employed with several oblique beam#hat (apart from vertical) a substantial horizontal sy
covered simultaneously. Finally, the lidar must be coitative andshall musoperate for long periods of time (several months
or longer) without maintenance. It must still be able to nueavarious scattering mechanisms to monitor the atmosyrem
approximately 10 to 100 km.

2 Selected technical features of a VAHCOLI-unit

2.1 General

The compact setup of a VAHCOLI-uni-chesenwith-anadeguatehoice requires that particular care is given in the choice
of optical, electronical and mechanical components. Iflalite, off-the-shelf components regarding optics, meats elec-

tronics etc. are used. Major parts of the mechanics and hgase produced by 3D printing. This allows for cost effeztiwnd
flexible modifications of mechanical components and mogstf optical subsystems if, for example, the applicatios tioa
be adjusted to certain scientific requirements or to spdudfkkground conditions. The overall gaxilthis projeciis to build a
general purpose lidar to allow felsservationspphyng simultaneous observationsRayleigh, Mie, and resonance scattering.

A first prototype of a VAHCOLI-unitsrew-availableandhasrecenthybeen has been produced and was recdested under
field conditions (see section 3). The photo of the prototypkatechnical 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 the fidreonsideration and measurement of various spectral char
acteristics of laser frequencies, spectral filters, andszattered light. We therefore briefly recollect the sp@deatures of
the main scattering processes and instrumental compongatged (see Fig. 2). The spectral line width (FWHM = fulldti

of half maximum) of the Doppler-broadened line due to scimteon molecules (Rayleigh) is typicallkv,,, ~1500 MHz
(for A=770 nm, the potassium resonance wavelength currentlghesied) which is given by the Maxwell-Boltzmann velocity
distribution. The line width is proportional tQ/mI so it can be used to measure atmospheric temperafliresgmperature

; my, = mean mass of an air molecule). The line widths of resondnes bf metal atoms are again given by the Doppler-
broadening and the broadening due to atomic physics pressssh as natural lifetime and hyperfine-structure. Fagsaam,

the FWHM is appr. 1000 MHz (von Zahn and Héffner, 1996). Tmedvidth of scattered light caused by aerosols is much
smaller since aerosols are much heavier than moleculegoSpheric aerosol particles have radii on the order gi.dvhich
corresponds to a mass of roughifL@° ng. This is a factor of-1.510° larger than the mass of an air molecule. Therefore,
the spectral width of the aerosol signal, is roughlyAv, = Av,, - /7= ~ 100 kHz for Av,,,=1500 MHz. The Doppler
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shift, dv, of the backscattered signal due to background winds#2-v,, - v/c which allows for measuring line-of-sight winds
(v, = laser frequency, = background wind, = speed of light). For a laser wavelength)o=770 nm {,=389.28 THz)and
apphyiag considerin@Rayleigh or Mie scattering, this shift is/= 2.6 MHz for a wind speed af=1 m/s. We also need to take
into account the spectral widths of the instrumental conepis (see later), namely the spectral widths of the diodepma
alexandrite laser~3.3 MHz) and the high resolution spectral filter (‘confoctllen’) in the receiver system (appr. 7.5 MHz).
For comparison, the Fourier-transform width of a laser @uligh a length of 2000 m (100 m, 1 m) is roughly 60 kHz (600 kHz,
60 MHz). According to their spectral characteristics, tbattering mechanisms mentioned above are used to measperte
atures and winds from Rayleigh scattering (‘Doppler-Rigy1y, temperatures and winds (plus metal number denkitiem
resonance scattering (‘Doppler-resonance’), and winlds @erosol densities) from Mie scattering (‘Doppler-Nie’

2.1.2 General lidar setup

A key idea behind the lidars being used for VAHCOLI is thatralevant frequencies and spectra (e. g., seeder lasery powe
laser, backscattered light from the atmosphere, narroavbier, reference spectrum) are controlled and measurgdhigh
precision (see later). The atmospheric signal and lasanpaters are measured (or actively controlled for the lafiberevery
single laser pulse. This allows us, for example, to measwenidths and shifts of the spectrally broadened liaes i
paraliehdetermine while simultaneously determinithg spectral characteristics of the receiver in the timevben two laser
pulses. Narrowband spectral filtering and a small fieldiefwisapphed are usetb reduce the background, which allows us
to use high repetition frequencies and comparatively lowgrdaser energies. The laser can be tuned to any given fnegue
within a large frequency range, and spectra are observhdsg tmean frequencies in great detail. This provides theroppty

to measure the signals from Rayleigh and Mie scatteringra&gig (see section 3).

The frequency of the power laser is controlled by a so-calétier laser. The seeder laser is used i) to control thegfnegu
of the power laser, and ii) to measure the spectral spedifitabf the entire optical path in the receiver system (idiclg the
filter characteristics of the etalons) immediately befdrest filters are being used to measure the spectrally breddem
shifted backscattered signal from the atmosphere (Rdyl&lig, or resonance).

The seeder laser, the power laser, and the signal from thesatmere are fed into a receiver system (see Fig. 3) which
consists of various optical components such as an intexerélter (to block a large part of the solar background spect
not wanted), a broad band solid etalon with a FWHM close toDbppler width of the atmospheric molecular line, and a
narrowband confocal etalon (FWHM7.5 MHZz). The largest part of the incoming light is reflectgdtbe confocal etalon
which creates a signal at the detectbg _r, whereas a small part is transmitted and is measured by teetdeD ;. (see
Fig. 3). The frequency of the seeder laser is tuned up andtimerd down again. The amplitude of this tuning is, for exampl
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 spedtralacteristics of the seeder laser, €. g., the frequencyuagxton
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
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lidar parameters, e. g., the range of the frequency scarhe@aptimized for the measurement of Doppler winds on aespsol
or for resonance temperatures, or for a simultaneous dodis@nvof Rayleigh, Mie, and resonance scatterifige chopper
shown in Fig. 3 helps to separate backscattered light freamtiddle atmosphere from other sources, e. g., stray ligtminvi
VAHCOLI. The rotation speed of the chopper and the open setgneithin the chopper are chosen to effectively open the
detectors for atmospheric light at an altitude above 3 kmtadlow for the firing of 500 laser pulses per second. The oyen

of the chopper is synchronized to the firing of the power laser

The frequency of the power laser is nearly identical to tlegdiency of the seeder laser because of a novel cavity control
technology called Advanced Ramp and Fire (ARF). A precuvsosion of this technology has been used since 1998 for the
flashlamp-pumped alexandrite ringlaser at IAP, and later falr a Nd:YAG laser (Nicklaus et al., 2007). ARF allows totol
the mean frequency shift between the seeder and the poveerdaml it is not limited to a single laser frequency. Thiswa§
for a fast tuning of the power laser over a wide range of fregies from one pulse to the other. We currently use a maximum
tuning rate of 1000 MHz per milli-second, which can be insezhif required. An example of controlling and measuring the
power laser frequency is shown in Fig. 4. The seeder lasertteareby the power laser) is tuned across the confocalretalo
where the frequency range of the tuning (=100 MHz) was cheseh that it covers the spectral width of the confocal etalon
The frequency sampling covers frequencies with a diffeeeaf@ MHz as can be seen in Fig. 4. The advanced ramp-and-fire
technique ensures that the frequencies of the power latsgpare indeed very close to the nominal frequencie@yithin
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 etedmwl the spectral width of the power laser (the spectral wafithe
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, naméfyriess than approximately 100 kHz.

The temporal stability of the laser frequency control is destrated in Fig. 5 where measurements of the frequencies
of the seeder laser and the confocal etalon are shown. Meutéspty, in the upper panel the difference between the naimin
seeder laser frequency and the actual true frequency isshdvere the latter is determined by comparison with higleisien
Doppler-free spectroscopy (DF3he individual peaks of the Doppler free spectrum serve abaalute frequency calibration
for the seeder laser which is tuned up and down in frequendyehinto the DFS system. Thereby the seeder laser frequency
is known precisely (within a few kHz) as a function of time asdsubsequently used to control the frequency of the power
laser. The seeder laser also serves as a reference to lanksanission peak of the confocal etalon. Note that this phoee
implies that (different to other lidar systems) we do nokltiee frequency of the seeder laser (nor the power laser)itoyées
frequency.

Data points in Fig. 5 are shown fe¥3 min with a temporal resolution of 1/10 s. The mean offsetveen nominal and
true frequencies is only 21.44 kHz with a RMS variation of XH¥. The same procedure is repeated for the confocal etalon
(lower panel in Fig. 5), i. e., the seeder laser is directéaline confocal etalon, and the nominal and ‘true’ frequesi¢from
the seeder laser) are compared with each other. The meartaintyeof the confocal etalon frequency is 187.92 kHz which
corresponds to an uncertainty in the wind measurement9a@0n/s. In fact, the final contribution of this uncertainythe
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wind error is even smaller since the offset (in this case 9BKHz) is measured and later considered in the data reductio
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 frequency
the laser lightard northe absolute frequency position of the etalon’s transmisgiinction. It is only important to know the
frequency of the pulsed laser relative to the frequency@sgectral filters which is achieved by the procedure desgi@bove.
On the other hand, resonance scattering requires frequesayurements on an absolute frequency scale which is adhigv
applying Doppler-free polarization spectroscopy to amatcabsorption line of potassium, which in turn is used totoarhe
output of the seeder laser and the spectral filters with anracyg 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 exceptionatiglline-width. For Doppler-resonance the laser must baltle to
an atomic absorption line. We have developed a highly efficigarrowband diode-pumped alexandrite ring laser in ecep
tion with the Fraunhofer Institut for Laser Technology inchan (Ho6ffner et al., 2018; Strotkamp et al., 2019). Therlasad
includes various subsystems such as a Q-switch drivettyeawntrol, power measurement, and a beam expansion ¢glesc
all of which are placed in a sealed housing for touch freeatar over long periods. The laser head is pumped via a fillde ca
connected to a separate diode array which acts as an opiitgl. @ he beam profile of the laser is nearly perfect with vitthe |
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 @ tbbustness 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 weetde
without any further adjustment.

2.3 Telescope and receiver

The field-of-view (FOV) of the telescope is currently 3&d which corresponds to a diameter of 3.3 m at a distance®ki0

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 tharutad. This is achieved as follow&nce the outgoing laser beam and the optical axis
of the telescope are co-aligned the photons being scattgrd®@0 degrees from the atmosphere follow the optical path of
the outgoing laser-beam but in the retrograd direction &edeby arrive at the detectors. The light from the atmosprer
separated from the outgoing laser pulse using its polésizaharacteristics. The compact design of the lidar ersstinat the
alignment between the laser beam and the telescope is yedsam short timescales, i. e., no active control of the cngo
laser beam on a pulse-to-pulse basis is neeSlkev drifts of the laser beam relative to the optical axishef telescope caused
by, for example, temperature drifts are compensated for bgrdrol loop (maximizing the atmospheric signal) with adim
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constant of few minutes. The current plan is to have 5 tefgssavith different viewing directions which are fed subsagly
(switching within 1 ms) by one laser. Only one receiver systand one transmitter) will be needed.

The primemirrew mirror (diameter = 50 cm) and related optics are integrated int@sgesywhich is manufactured by large
scale 3D printing. Complex thermal balancing considerstiensure that the telescope (optics and walls) are stdbiizthe
outside temperature by maintaining an active airflow thiotig cube. This prevents convection and turbulence ankeésums
dust, snow, and sea salt away from the optigstheotherhand;the Themechanical structures supporting the primary and
secondary mirrors are stabilized to the temperature irtbielenain housing. This eliminates the need to realign thestelpe
when ambient temperatures are changing, for example, flayrta night. In summary, the mechanical design and thermal
balancing allow us to operate the lidar under harsh conmditimmder a wide range of ambient temperatures during bothmldy
night.

The most important components of the receiver system argptinetral filters in combination with other optical systemsts
as the seeder laser and the Doppler free spectroscopy (se®) .FAll components fitrte insidea compact, optically tight, dust
free, and lightweight housing of 15 x 15 x 80 &mvhich is manufactured by 3D printing together with all megiecal mounts
for the optical components{75 in total). Avalanche Photodiodes (APD) are used for dogmnihotons.

2.4 Data acquisition and lidar control

After a laser pulse has been released, it takes 1 ms untibpbacattered at a distance of 150 km arrive at the detector.
This implies that the maximum possible pulse repetitiomdiency isk.,.,=1000 laser pulses per second (we use 500 per
second), assuming that only one laser pulse is in the airyagiaan time. Photons from a single pulse scattered from ghtei
rangedz arrive at the detector in a time interval oft = 2 - dz/c. Buring-arrival-the Thenumber of photonsVyy, arriving

from the height rangéz create a count rat&, at the detector oR.,1=Npn /At = Niu/(2-6z/c). Here and in the following

we ignore any impact by the dead-time of the detector. The tietween two pulses is given as dt=1/k where k is the pulse
repetition frequency. Therefore the effective number aitphs counted per time interval is reduced relativ&ig by a factor

of At/dt = (2-6z/c) - k. For example, fobz=200 m and k=500/s the reduction factor is 1/1500. In othendaiothe number

of photons,V,,;,, counted per integration timg and height intervadz is related to the count raté? and the pulse repetition
rate () via

At 0z
ph R dt R ( c ) ()

For technical reasons the count rate of typical detectdwT(RAPD) is limited to approximatelyR,,.,.=10" Hz. As men-
tioned before, the maximum pulse repetition rate is givethbyuppermost altitude (,...) wanted k., ., =1000/s forz,, ., =150 km.
Higher pulse repetition frequencies may be chosen if theiimamx altitude is reduced. According to equation 1 this letads
a larger number of photons at a given altitude. The receslers on high speed single photon data acquisition systdm wi
compression for fast analysis. Each pulse is stored with 1tilmde resolution and with further information regardjrigr
example, pulse energy as well as frequency and FWHM of thez [adse. Each VAHCOLI-unit is connected to the internet
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and, if necessary, can be controlled and operated in real flthis includes the frequency control of the seeder and powe
lasers as well as the filter system (see above). The entieerezsystem (actually the entire lidar) is based on a sisigledard
PC with integrated commercially available electronicstelfeom the lidar are automatically downloaded to a remotesse

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 detailed reamalysis for Rayleigh temperatures is presented in seetia.
Note that narrowband spectral filtering allows us to sepdts Rayleigh signal from the Mie signal (see below). Thiglies
that Rayleigh temperatures can be derived even in the presdraerosols. Since the spectral width of the Rayleighadign
proportional toy/T it can also be used to measure temperatures. This is plaon#teffuture, together with a comparison of
temperatures from integration (hydrostatic equilibriusu&tion).

Line-of-sightwinds are measured by lidars by detecting the spectralshilite backscattered light, Rayleigh or resonance
or Mie. This is rather challenging since this shift is nortpamall compared to the spectral width of the backscattsigail.
Various techniques have been developed to measure theam#ift, e. g. employing double-edge or single-edge oovap
filters (see, for example, Chanin et al., 1989; She and Yu4;1B&umgarten, 2010). In our first measurements presented in
section 3 we concentrated on measuring winds by detectenggdlctral shift of the narrowband aerosol signal.

Resonance scattering on metal atoms (K, Fe, Na) has frdgumen applied to derivenetal atomnumber densities
and temperatures in the altitude range of roughly 80 to 12Mkmeasuring the Doppler width of the backscattered light
(see, for example, Fricke and von Zahn, 1985; von Zahn e1888; Alpers et al., 1990; She et al., 1990; Clemesha, 1995;
Hoffner and Lautenbach, 2009; Chu et al., 20 Elijterentfrem-these Unlike these othéidars, VAHCOLI can observéne-
of-sightwinds and temperatures from resonance scattering in tiseipce of aerosols, namely NLC. The resonance scattering
application of VAHCOLI is based on our experience with a getam lidar being operated at several locations, for exampl
on the research vessel Polarstern or in Spitsbergen (Hd@& frtevon Zahn, 1995; von Zahn and Hoffner, 1996; Lubken ¢t al.
2004; Hoffner and Libken, 2007). The technique has beenaweglrsubstantially for a VAHCOLI-unit by applying high tem-
poral and high spectral resolution detection of Doppleademing (temperatures) and Doppler shift (line-of-sigimds). See
section 2.1.1 for more detalils.

2.5.2 Aerosol parameters and winds

VAHCOLI is also designed to measure the presence of aerosmee precisely background aerosols, polar stratospheric
clouds (PSC), and noctilucent clouds (NLC). Precise andnfeeasurements of the spectrum of the filters allows to pwsiti
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the narrowband spectral filter (a few MHz) exactly at the pasiof the Mie peakrelated which corresponde aerosol
backscattering, as is shown in Fig. 2. Since the Mie specinuitme stratosphere is also very narrow (typically 0.1 MH=® s
above) only the backscattered signal from aerosols is tetewhereas nearly all of the Rayleigh scattering is blddkieis
also means that the solar background signal is negligibietwi known as ‘solar blind’). Therefore, Mie scatteringletected
irrespective of the Rayleigh signal, and vice versa. Theipeemeasurement of these spectra allows us to derive fisipot
winds from the Doppler shift of the Mie peak (see section B)thle future, we envisageakingmulti-color observations of
PSC and NLC to deduce particle characteristics such as sizawamber densities (see, for example, von Cossart et 89;19
Alpers et al., 2000; Baumgarten et al., 2010).

2.5.3 Metal densities

Resonance scattering on metal atoms in the upper mesofpherehermosphere is applied to derive metal number tensi
profiles. We have used this technique mainly to observe piot&s(\=770 nm) and iron X=386 nm), but other metals have
also been measured (see, e.g., von Zahn et al., 1988; Gertdahg 2000; Chu et al., 2011). The capability of VAHCOLI to
measure vertical and horizontal structures in metal diessalows us to address several open science questiongliregthe
causes of the observed temporal and spatial variabiligygsetion 5.5). The current version of the VAHCOLI-unitsésigned
to detect potassium atoms. In the future we envisage demgiopw and compact lasers and/or frequency doubling tgclesi
to measure other species, including iron and sodium.

2.5.4 Other

Several secondary parameters are typically derived frenptime observables such as the potenfigl,() and kinetic energy
(Fxin), momentum flux, and wave action densities. Note that therlagquires us 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 understamghysical processes involved. Lidars typically measelaive
number densities, n(z), which allows for the determinatibf,, . from

mass 1 92 An ?
Epot ™ =5 32" (T) 2)
i. e., from number density instead of temperature fluctmatiosing number densitieallows us to reach to higher altitudes
and avoids uncertainties due to the start temperature.
Since VAHCOLI measures the dynamical and thermal comparadtihe flow field, the heat flux due to fluctuations caused
by gravity waves can also be derived. Statistical quastitien be derived from fluctuations, for example longitudaad

transversal structure functions.
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2.6 Lidar operation

After manufacturing, installation, and testing in the ledtory, the lidar shall be transported to a location of ies¢where it
is assembled for operation under field campaign conditidhs.lidar is designed as a sealed and automated system-i
whichis controlled remotely and cahereferaun for long periods without any manuaberation interventioThe autonomous
operation includes the abilitto stop measurements on short notice and very quickly (frampulse to another) if required
by, for example, air safety regulations or by bad weatheditmms. Information regarding air safety is currently yided
by an internal camera, and weather conditions are monitoyexh external weather station. Further constraints peal/iuy
external sources, e. g., a weather radar or air traffic chma easily be incorporated into the lidar operation. Hditions are
favorable again, the lidar switches on automatically witleiss than one minute.

3 First measurements

In the following sectionwe show results from the very first atmospheric measurentsngsprototype of a VAHCOLI-unit
(first light’) perfermedn-theperied which were made over the periodldf to 19 January 2028 the IAP in Kihlungsborn
(54°N,12°E). Some specifications of this lidar are summarized in Tabla Eig. 6 we show raw count rates observed on 19
January 2020 as detected by the detectags g and Dy (See Fig. 3). The goal of these measurements was to perforst a fi
test of the entire lidar, i. e., laser, frequency control andlysis, telescope, detection system, Doppler free ssecipy, lidar
operation etc., under realistic conditions including ré&mv temperatures, and storm, without touching the systamsdveral
days. Note that the FOV of the telescope was onlyra8 which allowed measurements even during full dayligletc@kding
to the description of the lidar presented in section 2.1€2dbnfocal etalon is stabilized to a certain frequengy, and the
power laser is normally tuned by typicaly1000 MHz relative to this frequency. In the first measuremg@nésented here
we concentrated on wind measurements (Doppler-Mie) and trerefore used a much smaller frequency range for tuning,
namely only+50 MHz. In the case shown in Figure 6, the etalon’s centrglfeacyy.¢, was chosen such that it coincides with
the mean resonance frequency of potassium to allow for &tileeof the potassium layer. The etalon transmits backeseat
light from the atmosphere within a frequency range @f+-Av.s whereAv.s=FWHM/2 and FWHM-7.5 MHz (blue line in
Fig. 6). Note that the spectral width of the Mie peak is orl.1 MHz which can be neglected in this context. Furthermore,
Av.e is much smaller than the spectral width of the Doppler broadeéRayleigh signal, i. e., only a very small fraction of the
backscattered light from the atmosphere passes througttalus, the rest is reflected and detected by a separateéatgrec
line in Fig. 6).

At altitudes below the potassium layer the total signal is thubackscattering from molecules (Rayleigh scatterimg) a
a small contribution from Mie scattering from aerosols itides below~30 km. When the frequency of the Mie peak is
outside the frequency range of the confocal etalop+Av,¢, the backscattered light from the atmosphere detectéd gt
stems from Rayleigh scattering only, wheréas_r detects Rayleigh (and resonance) scattering plus a snmatitwation from
Mie scattering. The signal d2g_g is much larger compared tOy;. since most of the signal is reflected by the narrowband
confocal etalon (see Fig. 2 and 3). When the power laser émguis withinv.s +=Av.¢, however, the signal dy;e includes
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Mie scattering which varies when scanning the power laskereas the contribution from Rayleigh scattering is bdigica
constant withirnv.s +Av.s because the Rayleigh peak is very flat within the frequencgea.; =Av.¢s. The signal atDyy;e
can therefore be used to measure Mie scattering only, whishtisequently used to subtract the Mie signal from the Reyle
320 signal. Furthermore, the signal Bt;. is used to derive the Doppler shift of the Mie peak due to wihd&igure 6 we show
signals from the detectof3r _r andDy;.. The exponential decrease of the Rayleigh signal and somgesrall ‘bumps’ due
to aerosol scattering are clearly visible. After subtragthe Mie contribution the signal can be used to determieen@érature
profile (not shown). Note that temperatures can also beetkfiom the spectral width of the Rayleigh signal (not dongnis
first test). The Mie signal caused by stratospheric aerasotaighly 0.1% — 10% of the Rayleigh signal and disappearseb
325 roughly 30 km.

In Fig. 7 we show line-of-sight winds derived from the Dopphift of the Mie peak observed on 19 January with a height
resolution of 200 m, integrated for a period of 20 minutes1080-18:30:00 LT). As can be seen from this Figure, tharaén
frequency of the spectra changes with height, which is usechlculateline-of-sightwinds. Note that wind uncertainties
shown in the right panel of Fig. 7 deviate substantially fromm estimates presented later (see section 4.1) becauaettia

330 aerosol distribution was rather different and the lidaf@@nance was not yet optimized. We compare these winds to\WEM
(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 approximagd0 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 realistenvdonsidering that no attempt has been made during thisefitsto

335 exactypointing precisely alighe laser beam to the vertical. In the future the telescop®ipg will be measured with high
accuracy by an integrated sensor.

The agreement between the observations and ECMWF windsysge®d considering the constraints regarding tempo-
ral/spatial coverage and sampling. The fact that this was/émy first test of the entire lidarystem, while using some pre-
liminary optics is very encouragingsigsemepreliminaryopties. The results shown in Figure 7 demonstrate that the initial

340 optical alignment of the lidar, including laser-beam attjusnt relative to the telescope, was stable under harshitcorl
and no re-alignment was required. The performance of tlae tdring this ‘first light' measurementsssignificanthylower
eomparedo-expecteduturecapabilites— does not reflect the full potential of the system. We ekpamificant improve-
ments once the telescope and detector systems are optilAswill be explained in more detail in section 6 the efficiety
VAHCOLI-units will be improved further in the near term fuieu

345 4 \Vertical/horizontal/temporal resolution and coverage ersus accuracy

4.1 Expected performance

The following calculations of sensitivities and uncertaa are based on our experience with a potassium lidar whiash
housed in a container and operated at various remote losatoch as the research vessel Polarstern or in Spitsbergen
(von Zahn and Hoffner, 1996; Hoffner and Libken, 2007). 9. we show expected count rates (R) as a function of al-

11



350

355

360

365

370

375

titude which in this case reaches the maximum possible \@fllR=1x10" Hz at 20 km. We have assumed a laser power of
6 mJ (next generation of this laser) and a detector systeniesfty of 30%. For a typical time and height intervabef5 min
anddz=200 m, respectively, and a pulse repetition frequency 80K#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 indigaterrorstomeasuraninds uncertainty in the wind measurement
which resultfrom the shift of the Rayleigh spectrum (above 20 km) and ftbenshift of the Mie peak (below appr. 30 km).
Herebywe-have We have furtheassumed that at 30 km the Mie signal is 0.5% of the Rayleighasignd that the signal
increases to 10% at 10 km. These values are consistent \pittatyobservations of Mie scattering from stratospheriosels
but may vary substantially throughout the season and froedagation to another (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 8=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

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 umjst height where uncertainties due to the start temperafe
negligible. Starting from an altitude bin centered awith a temperature Tand number density;nthe following equation
gives the temperature error in the next height bin {atze to uncertainties in density measuremexis andAn, at level z

and z, respectively:

2 2
. 29 — 21 n1 Ang Ang
(22 2y (B (A o

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

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

Ani_ANi_ 1 .
n, N VN

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

(i=1,2) 4)
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The number of photons counted per time and altitude inteiVét), decreases with altitude according to

Zre 2 (z—z s
N(z):Nref.(Tf) o~ (z=2res)/Ha o

where N, is the number of photons counted at the reference altitudeand H,, is the number density scale height. In

Fig. 9 altitude profiles of temperature errors accordingoagion 5 are shown assuming a number of photons at the netere
385 level (20 km) of N,.s=2x10° (see above) and/..;=2x 10°, respectively. Since count rates are normally suppredsiedvar

altitudes (to avoid a saturation of detectors) they may beegised at higher altitudes, for example by reducing tle@ation

in the receiver. Using telescopes with appropriate diarméseanother method to focus on certain altitude rangesigroRve

have assumed an enhancement of N due to ‘cascading’ by a tfct00 (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 anaker than 5 K up to the upper mesosphere.
390 Another method to increase the effective count rate is trege the height rangéz) and/or the integration timeif). In Fig.

10 the effect of increasings and/oréz on temperature errors is shown. More precisely, temperauiors A7) are shown as

a function of g = §t -02)/(tret - 0 zrer) Wheredt,.s=5 min anddz,..s=200 m, and the number of photons at the reference level

(zrer=20 km) is N,r=2-10°. For example, increasindy. - 6t by a factor of 60 (e. g., by increasing the integration tinwafr

5 min to 1 hour and the height interval from 200 m to 1 km) desesahe temperature error at 50 km fradii=5.3 K (g=1) to
395 AT=0.7 K (g=60).

4.3 Multi-beam operation and horizontal coverage

The flexibility of VAHCOLI allows us to place the lidars at tisices which are optimized according to the science olgeti

(see below). The current plan is to build four VAHCOLI-un{f$y =4) with five beams (\N¥=5) each, where one beam is

pointing vertically and 4 beams are pointing at a zenith @amgle. g.xy=35" in two orthogonal directions. In Fig. 11 (upper
400 panel) an example of a constellation of four VAHCOLI-unitihwfive beams each is shown. At any given altitude there

are a total ofN,=5x4=20 laser beams available, which gives a totaBﬁLLfl i=190 combinations of horizontal distances.

In the lower panel of Fig. 11 these 190 horizontal distancesshown (abscissa) for a selection of 12 different scemario

(ordinate), including the scenario shown in the upper pahElg. 11. Horizonal scales from several kilometers up todreds

of kilometers are detectable where nearly all directionth@horizontal plane are covered. Even equal horizontédmuiies
405 contain rather important information since they are lodatedifferent places (non-homogeneity) and/or point iriedént

horizontal directions (non-isotropy).

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 35.0ridrttee maximum horizontal distance covered by 4 lidars,
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which are located at equal horizontal distances, is 385 kamyMbther scenarios may be chosen, for example conceigtratin
on smaller scales by placing the systems very close to eaehn abd choosing a small zenith angle with similar azimutirs.
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 maghbeen, of course, depending on the availability of lidai a
appropriate locations.

5 Science capabilities
5.1 General

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

A prominent example of dynamical impact on the backgrountbaphere is the summer mesopause region at high latitudes
where temperatures deviate by up to 100 K from a state whicbriolled by radiation only. This strong deviation is pairity
caused by gravity waves which deposit energy and momentsuaitireg in a ‘residual circulation’ andelated associated
upwelling and cooling. Major aspects of this dynamical cohbf the atmosphere are only poorly understood due to the
complexity of the problem, both from the experimental arebtietical point of view. In models, the impact of these psses

is typically considered by parameterizatiolissri+et, The extent to whicthese parameterizations adequately describe the
real atmosphere can bestdmified assessday comparing models with observations which are capablelyf ¢haracterizing

the atmospheric variability at these medium scales. Tealjpmid spatial variability is observed in the atmosphere avarge
range of scales which reflects various processes and thetliimnon-linear interactions. Since these fluctuaticary in time

and space it is necessary to measure spatial and tempdedioms of, e. g., winds and temperatures simultaneousigihieve

a complete picture.

The ultimate aim of VAHCOLI is to characterize the three-dimsional and time-dependent morphology of the atmospheric
flow, including gravity waves. This will allows us to disentde temporal from spatial variability of the main flow and as
sociated fluxes and to test frequently assumed simplificatio modeling (and some observations) regarding homotyenei
isotropy, and stationarity. In this paper we concentraten@aium scales, i. e., horizontal distances of one to few redhd
kilometers, and vertical distances of 100 m to several kétars.

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 frorfidive 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®goand homogeneity, for example regarding fluctuatior=oinal
and meridional direction. Again, such similarities aréheatunlikely because normally the background flow is systealdy
different in zonal compared to meridional directions.
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There are several rather fundamental questions in atmadsphmamics where VAHCOLI can contribute to a better un-
derstanding. For example, are the governing processesafidiions at spatial scales larger than the buoyancy séale (
see below) determined by the saturation of breaking gravétyes or byan-isetrepic anisotropitarge scale turbulence being
damped vertically by buoyancy, or by a combination of bothi?idl type of instability is most relevant in a specific situa-
tion, velocity shears (Kelvin-Helmholtz instabilities) convective instabilities? Another fundamental aspedatafospheric
variability regards the question if spectra are separalde, if they can be expressed in the form

Aw, kg by ) = Ag(w) - Ay (k) - Ag(ky) - Ag(k) 7)

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 understagdhf these fundamental aspects by measuring temperataes a
winds simultaneously with a high degree of spatial and teragwecision and 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 winds$ és a function of horizontal wavenumbéy,} in the range from
a few to several hundreds of kilometers follow a quasi-ursaelaww (ky, ) ~ k;5/3 (Nastrom and Gage, 1985). Keeping the
temporal and spatial variability of the atmosphere in mihdjay require several days of averaging to actually obssueh
a behavior (Weinstock, 1996). Furthermore, measugiatpne may not be sufficient to characterize the underlyingsicil
process unambiguously. For example, gravity waves antifigdsturbulence (see below) may exhibit the same specttahiz-
ior in a specific situation, although the fundamental coteape very different. In any case, the spectral representsthould
include as many observables as possible (zonal/meridi@matal winds, temperatures, kinetic/potential enesgwave action
density, momentum flux, etc.) in terms of vertical/horizinmtavenumbers and frequencies.

A powerful tool to describe atmospheric flows is to apply aritebltz decomposition, namely to separate the kinetic gnerg
of the flow into divergent and rotational components:

Elﬂn(k) - Erot (k) + Ediv(k) (8)

This sometimes allows us to distinguish different physpralcesses from each other (see below). Obviously, thisnesju
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

5.2  Gravity waves

Lidars have frequently been applied to measure gravity sjaveth in case studies amtsededucing aclimatologies (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). Moremty, lidars have been applied to simultaneously detectiGW
temperatures and winds in the middle atmosphere and to &molggraph methods which allows for the derivation of po-
tential and kinetic energy separately and the distinguestitrof upward and downward propagation (Baumgarten et@L5;2
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Strelnikova et al., 2020). Note that background winds aexled to determine Doppler shifting which is essential ireotd
unambiguously separate upward and downward progressigragity waves, where the latter could for example be due to
secondary wave generation (Kaifler et al., 2017; Becker auth¥, 2018). Sometimes only certain parts of the GW field are
measured and dispersion and polarization relations afeed{plus further assumptions regarding isotropy andétianarity)

to derive quantitative results (Ern et al., 2004; Pautet e@15).

To exploit the capabilities of VAHCOLI of studying gravityaves, we concentrate on waves with medium frequencies, i.
e.,w >f~10"%/s at mid latitudesq = intrinsic frequency, f = Coriolis parameter). Correspimigdperiods are smaller than
roughly 17 h and, of course, larger than the Brunt-VaisaM)(Beriod of several minutes. Sindgy;,/E,o=w?/f? >1 this
implies that the divergent part of the GW flow is much largenpared to the rotational component.

The dispersion relation for gravity waves (assuming thak 4x-H) is

N_“ R N\/W—COS(QD)fOrN>>f 9)

where N is the Brunt-Vaiséala frequency, apds the angle between the phase propagation direction anbdtizontal
direction (see Dornbrack et al., 2017, for a recent summanydar applications for atmospheric GW detection). Foriimgic
periods significantly larger than the Brunt-Vaisala perfodit still smaller than f), we have/N < 1, i.e.,p ~90°, i. e., the
phase progression is nearly vertical. We note, that lidezsaéso capable of detecting GW with larger periods, i. ertiae

gravity waves, both in winds and temperatures (Baumgatteh,&015).

A graphical representation of the dispersion relation @shin Fig. 12. Several investigations have studied theipsof
GW which normally propagate from low to high altitudes indihg the question which part of these GW can be observed by
satellites (see, for example, Preusse et al., 2008; Alextagtdal., 2010). We do netclude consideradiosondes or balloons
here due to their sporadic nature and limited height cower8gtellites can only observe GW with typical horizontfical
wavelengths larger than appr. 50-100 km and 3-5 km, and geetarger than typically 1-2 hours. However, the effect of
high frequency waves on the circulation is crucial sincevésical flux of horizontal pseudo-momentum is given By =
ww'-p-(1— f?/&?) which is largest for mid and high frequency gravity waves}.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
satellites, in particular waves with small horizontal wWiavgths and small periods (large frequencies). As mentidueore,
the phase of these waves preferentially propagates Vrticad the energy propagates obliquely.

The aim of VAHOCLI is to characterize the three-dimensiditak-dependent morphology of gravity waves. The compre-
hensive characterization of gravity wave propagationireguo measure the three-dimensional vector of phase gabipa, i.
e., the vertical and the horizontal components. Horizdhiakes of gravity wave momentum are typically ignored (conepa
to vertical) in middle atmospheric modeling as it is oftesuaned that the effect of gravity waves takes place diretibya the
source and instantaneously. However, it is known from msidelies that GW can propagate over large horizontal distabe-
fore depositing momentum and energy (Alexander, 1996;dEégal., 2017; Stephan et al., 2020). Furthermore, a baakgro
varying with time can change the propagation of GW (e. g. gfsaction) and can drastically modify the deposition of neom
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tum and its effect on the background flow (Senf and Achatz1p(8imulations of GW propagation show that the horizontal
distance between wave packets usually increases withddtitsee, for example, Alexander and Barnet, 2007). Thevisrf
able for VAHCOLI since the horizontal distance betweenalndily pointing beams also increases with altitude (seer€igyl).
Furthermore, it is known that the spatial and temporal ithistion of gravity wave sources influences their effect owulaie
atmosphere dynamics (Sacha et al., 2016). A more fundahterestion addresses the role of non-linear interactiogsaity
waves compared to a quasi-linear superposition. This leaddher different concepts regarding gravity wave pataasion
(Lindzen, 1981, Gavrilov, 1990; Fritts and Lu, 1993; Medeednd Klaassen, 1995; Hines, 1997; Becker and Schmitz))2002
It could well be that the applicability of one concept or thiker depends on the temporal/spatial scales under coasmer

In order to measure and study the effects outlined aboveoibvsously necessary to observe gravity waves in all dioedti
over a longer period of several hours or even days, and wifftigmt horizontal coverage. Such instrumental capaediare
envisaged for VAHCOLI.

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 cyddtsreby (regional) climate modeling. Lindborg (2006) has
developed an energy cascade theory for these scales imglgtatratified fluid which involves horizontal and vertidahgth
scales as well as kinetic and potential energy. The theoB/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) characterizedk@‘r}/ 3
(Nastrom and Gage, 1985). This theory invokes strong nuerlities (in contrast to 2D-turbulence and to weakly menli
ear interacting gravity waves) and the cascading of enamy farge to small scales (see, for example Billant and Clzpma
2001; Lindborg, 2006; Brethouwer et al., 2007; LindborgD20and references therein). It covers horizontal scaledlem
than synoptic scaled.{,) and larger than buoyancy.{,) and Ozmidov () scales, and it covers vertical scales betwégn
andLo. The Ozmidov scal@o:\/m describes the largest scales in classical isotropic Kobrmgturbulence which are
not effected by buoyancy (N0.02/s ;e = energy dissipation rate of turbulence). The buoyancyestguy, /N (uy, = typical
horizontal velocities of ST) characterizes the largestie@rrscale of stratified turbulence, wherdas=u; /¢ is the largest hor-
izontal scale of ST structures. Variability at scales latbanl,, are related to large scale processes dominated by the Soriol
force. Introducing typical Kolmogorov isotropic turbu@velocitiesut:\/e/—N, several relationships can be derived, such as
Ly /Ly,=(un/us)? andLy,/Lo=(un/u,)?. The magnitude of the outer scale of 91§ 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
un = /Ly, - € andm,= Ly/uy. Applying typical values, namely N=0.02/s (BV period = 5)itr100 mW/kg, and.;,=100 km
results in the following order-of-magnitude valuds;=1.01 km,L5=0.112 km,u,=21 m/s,u;=2.24 m/s,un/u;=9.6, and
=77 min, respectively. A collection of relationships angnesentative values is presented in Table 2. A more detailed
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representation of spatial and temporal scales as well asitiek associated with stratified turbulence are showmngnl3 for a
large range of-values. Note that most quantities depend on seasondatiaund altitude (regardirgsee, for example, Libken,
1997). Some dimensionless numbers are frequently usedataatierize the relevance of physical processes. For exathpl
horizontal Froude number, which is the ratio of inertial tmbancy forces, must be small to allow for ST to existy, < 1.
Note thatF'ry, = uyn/(N- Ly) = Lp/Ly = €¢/(N- uﬁ). IndeedF'ry, is very small for the examples shown in Table 2. Another
relevant parameter is the buoyancy Reynolds numibeys ¢/ (v - N?2), which should be large both for ST and for the Kelvin-
Helmholtz instability regimei( = kinematic viscosity). In the height range from the lowea&isphere to the upper mesosphere,
and considering turbulence intensitiesesfl0 mW/kg ande=100 mW/kg this parameter varies betweRa,=2.5x 10° to
Re,=25 andRe,=2.5x 10° to Re, =250, respectively, i. eRey, is indeed much larger than unity. Regarding the applicaifon
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 dev@teent of the flow is important to judge various forcings, gyer
injection, the conversion df,.; andEyi,, and the transition to stationary conditions (see, e.qudhorg, 2006).

There are several aspects of ST theory which are partigulalévant for a comparison with observations which will be
made by VAHCOLI.Feraddressing To addretlse question, if energy is cascading from large to smallescéiforward’) or
the other way around (inverse’) it is helpful to considet paly the horizontal kinetic energy spectra (typicallyrfr@ircraft
observations) but also the vertical spectra of horizonita¢tic and potential energy, typically derived from bakoborne
observations (Li and Lindborg, 2018; Alisse and Sidi, 2086rtzog et al., 2002). Note that a fundamental scale inmaea
of the Boussinesq equations in the limit of strong stratificaimplies an equi-partitioning of potential and kineénergy
(Billant and Chomaz, 2001). Regarding spectra, the ST th@ovoking downscale energy flow) predicts that vorticiiyk)
and divergenc@ (k) spectra should be of similar magnitudgk) ~ ¥ (k), whereas for spectra dominated by gravity waves
one would expec® (k) <« ¥(k), and for stratified turbulence dominated by vortical cohestructures one expecig k) >
U (k). Furthermore, it is helpful to measure spectra of longitatiand transversal velocity structure functions simdtarsly
(Lindborg, 2007).

In summary, the expected horizontal and vertical coveragieeoflow field by VAHCOLI will allow to study details of the
relationship between rotational and divergent comporameesoscale dynamics including the important questiow,dreergy
is transfered from large to small scales. The instrumemaédbilities of VAHCOLI will cover spatial and temporal sealwhich
are highly relevant for mesoscale studies. Apart from thienHeltz decomposition there are other important quastiseich as
the helicity, H= - rot(v), which may be helpful to separate vortical coherent stmestfrom GW and to characterize the flow
and its potential impact on the background atmosphere (Magt al., 2013). Again, such a comprehensive analysismresgjai
3d-characterization of the flow field, as is envisaged for \GXLI.

5.4 Other dynamical parameters

There are several dynamical processes in the atmosphecé vakie place at spatial or temporal scales which are noymall
outside the range of VAHCOLI, at least for the time being. Egample, the smallest scales of inertial range turbulence
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are on the order of,, = (1% /€)'/*. Measuring fluctuations dt, scales offers a unique chance to unambiguously deterimine
(LUbken, 1992). However,, varies by several orders of magnitude from the troposplodtestupper mesosphere ranging from
centimeters to several meters only. It will be challengimglétect fluctuations at these small scales by, for examfaeing
several VAHCOLI-units very close to each other. On the otm@nd, measuring the longitudinal and transversal stractur
functions of winds and temperatures at somewhat largees@d$o allows to derive reasonable estimates &lrthermore,
we envisage measuring the spectral broadening of the sptag¢oic aerosol signal to an extent that will allow us to aedu
turbulent velocities. Note that typical turbulent veldest are on the order of 1 m/s (see Table 2) which corresponds to
spectral broadening of the Mie peak of 2.5 MHz. This is muchdathan the Doppler broadening 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 aeroaald noctilucent clouds, but also the transport of metal at@dare
needs to be taken when interpreting such measurementsthigge constituents may not be passive tracers, i. e., thgy ma
experience modifications, for example, by variable backgddtemperatures. In the future we envisage measuring soeaé
turbulence (see above) and improving the spatial resoluti@erosol observations to such an extend that the eddglation
technique for measuring turbulent transperbutd couldbe applicable.

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

Dynamical phenomena are frequently characterized by leding statistical quantities, such as the variance anddrigno-
ments (skewness, kurtosis, etc.) as well as intermittddug.to the operational advantages of VAHCOLI (low cost, terated
operation, low infrastructure demands, long-term stgbéic.) there is an opportunity to extend such an analysks-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

Layers of ice particlesn the summer mesosphere at middle and polar latitudes arerkias NLC (‘noctilucent clouds’)
(Gadsden and Schréder, 1989). They exhibit a large rangengddral/spatial variability which can be observed evenhey t
naked eye or by cameras. Most of these variations are prédynetated to gravity waves, tides, and associated inliapro-
cesses (see Baumgarten and Fritts, 2014, for a more recmpé). NLC are studied in great detail by modern lidars Wwhic
sometimes detect temporal fluctuations on time scales dovaedonds, or other unexpected characteristics (Hansén et a
1989; Alpers et al., 2001; Gardner et al., 2001; Kaifler et2f113). NLC are frequently used in models describing dyeami
phenomena such as gravity wave breaking (Fritts et al., 20his raises the question, up to which scales NLC can bestlea
as passive tracers? Note that several processes act oardinilporal and spatial scales, for example, nucleatiainmsnta-
tion, and horizontal transport. Furthermore, there is goréssiveameunt numbeof observations of mesospheric ice clouds
available from satellites, which sometimes show unexpkteteporal and/or spatial variations ('voids’) (see Rudéest al.,
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2009, for more details on a recent satellite mission deelictd NLC science). Understanding the physics of NLC is impor

610 tant, for example, to interpret long term variationdafers of ice particleand their potential relationship to climate change
(Thomas, 1996; von Zahn, 2003; Lubken et al., 2018). Sinsité&énce questions occur regarding PSC, which, amongst oth-
ers, play a crucial role in ozone chemistry. Very thin layefr®ackground aerosols have been observed in the stratesphe
which are presumably caused by intrusion of mid-latitudéo the winter polar vortex (see, for example, Plumb etl#194;
Langenbach et al., 2019). Several VAHCOLI-units could becetl at appropriate locations, e. g., at the edge of the polar

615 vortex, to observe the temporal and spatial developmentaf mitrusions.

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 tox@background temperatures and winds simultaneously byiagp
high resolution spectral filtering (see section 2.5.2).

620 Despite substantial progress in recent years, the physitlaemistry of metal layers still leaves many open question
for example, regarding their (meteoric) origin, their splahnd 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

625 (see, i.e., Hansen and von Zahn, 1990; Alpers et al., 1998n€et al., 1996; Plane et al., 2004; Liubken and H6ffneQ40
Many of these anomalies can best be studied by distingujsieimporal 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 performahligars being used for VAHCOLI are currently in progressoe

630 foreseen for the near future. This concerns, for exampéepftical layout of the telescope, the development of nidim
operation, and the output of the power laser. A power ineredup to several Watts by applying ring-laser technology is
currently under development, even without employing a sspamplification stage. The VAHCOLI-units are designelddo
extended to further wavelengths, for example by instalingecond seeder laser and a SHG (second harmonic generation)
to simultaneously apply resonance scattering on potaséh#7i70 nm) and iron X=386 nm), during both night and day.

635 Stimulated Raman emission may also be considered for piogliaser light in the infrared.

The robust and compact design of the VAHCOLI-units and te&nd-alone operation capability allows us to consider
somewhat extraordinary operations, for example on airgdaballoons, ships or trains, or at remote places such &s- Spi
bergen or Antarctica. Some of these applications have bemrep to be realistic, however so far with a substantialreffo
regarding technical realization, man-power, and costa Rahn et al., 1996; Hoffner and Libken, 2007; Libken et 811,72

640 Chuetal., 2018). VAHCOLI may also be extended to other wavgths being relevant for thermospheric or space applica-
tions (Hoffner et al., 2018; Munk et al., 2018; Hoffner et &019). Due to its compact design and autonomous operation a
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VAHCOLI-unit may also be of interest for measurements fratelites (Strotkamp et al., 2019). The final aim is to furthe
improve the VAHCOLI-units and to develop a cost-effectivaltinpurpose lidar where several systems may be employed at
various locations, being operated quasi-autonomously.

In summary, we have presented the VAHCOLI concept which istsief a cluster of lidars (‘units’) to study the middle
atmosphere in four dimensions, namely high temporal, e&itand 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 perfornewbich is comparable to, or even better compared to exitags.
The innovative approach for this lidar is based on very fadttdagh spectral resolution spectroscopy. Apart from aavelband
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 kgrmped by Nd:YAG~50-100 MHz). The laser is flexible
and can be tuned quickly over, for example, a Doppler broadd¢ine originating from atmospheric Rayleigh or resonance
scattering. At the same time the laser can also cover a laegedncy range and may be used for other absorption lin@s. Th
flexibility of the lidar allows use-cencentrat@andoptimizethe performancaegardingeertainheightrangeseratmespheric
parameters, to optimize system performance at certaimheigges or concentrate on the measurement of specific jplmois
parameterdor example, measuring winds from stratospheric aerogdismperatures from resonance scattering in the upper
mesosphere/lower thermosphere. For the first time, teryressand winds from Rayleigh and/or resonance scatteandpe
deduced in the presence of aerosols (stratospheric agrosaitilucent clouds). The compact layout of the lidar cduthe
reguestsn difficulties associated witbptical alignment. Since these lidars allow for autonomapesration under harsh field
conditions at remote locations, they are ideally suitedtfier VAHCOLI concept, namely to employ a cluster of theseaunit
to simultaneously cover atmospheric parameters in theceédnd horizontal direction with sufficient spatial andhjgoral
resolution. The units will be cost-effective using off-thieelf components and 3d-printed mechanical subsystertissipaper
we have discussed some relevant science applicationsloffiservations, for example regarding gravity waves aradifséd
turbulence. We have presented measurements of a firstygpetof such a lidar which demonstrates the suitability ofrte
lidar for VAHCOLI. This paper has addressed just a seleabicthe numerous future application scenarios of VAHCOLI.

Data availability. Data are available at: https://www.radar-service.ear@t/dataset/cZf\WBGTffZIhILdHs?token=xjEfCgY JrPfxWksuxQ
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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
2mJ
780 ns (234 m)
1.1
~10-15urad
33rad
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 firsasurements in January 202Q@he IAP in Kihlungsborn (5N,12°E).

900 Tables

30



Ly,=100 km Ly,=400 km

=10  ¢=100 =10 e=100"
L, = @@3/e/* 0.100 0.056 0.100 0.056
Lo = +/¢/N? 35 112 35 112
L, = wunN 500 1077 793 1709
Ly = ul/e is given above
u = /e/N=Lo-N 071 224 071 2.24
w, = YLn-e=Ly N 100 215 159 34.2
70 = Lolug=1IN 0.83 083 083 0.83
= 7= Lplun =1/N
™ = Lplun = Lu/(Ly-N) 167 77 420 195
= (uplug)® /N
LolL, = Re* 354 1988 354 1988
LulLo =  unlug = 1Fr)/? 14 10 22 15
LulLy = (unlug)? 200 93 504 234
= wui-N/e=1/Fn,
LulLo = (unlus)®>=1/Fr}/> 2826 894 11304 3574
Re, = ¢/(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, antbuarratios of length scales relevant for (stratified) tiehoe. The scales are
shown for two cases af,,, namelyZ;,=100 km and’,=400 km, as well as for two cases of energy dissipation rteamelye=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

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 staloifiz@ifferent for different sections) is realized using\entilation and a water
cooling system. The dimensions of a VAHCOLI-unit (witholetwheels and with closed hatch) are 96 cm x 96 cm x 110 cm flengtdth
x height). The weight is approximately 400 kg, and the povegisamption is 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 approxiryae6 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 (blughwh
itself is controlled by high precision Doppler free spestropy. When the chopper is open, the signal from the atmosresl) is fed into the
receiver system which consists of a broad band interferéhee(IF, Av=150 GHz), a broad band etaloA{=1000 MHz), a narrowband
confocal etalon Av=7.5 MHz), and detectors for the Rayleigh/resonance (‘RaRd Mie channels. When the chopper is closed, parts of

the seeder and power lasers are fed into the receiver systeraasure their frequencies (see text for more details).
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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 imutaty 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 thar100 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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|
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Figure 6. Altitude profiles of raw backscattered signals (‘first ligtdbserved by the detectoi®r_r and Dyiie Observed on 19. January
2020, 18:17:31-22:21:15 Lat the IAP in Kihlungsboriisee Fig. 3). Red linelfr—r): mainly Rayleigh scattering on molecules (below
~70 km) and resonance scattering on potassium aterS{100 km). Blue Dasie): Mie scattering on stratospheric aerosols. Beto80 km

the signal atDr_r includes a very small contribution from Mie scattering whis subtracted during further processing (see text for more
details). The decrease of the signals below approximatkiy & caused by the chopper, blocking the atmospheric signal
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Figure 7. Wind profiles from a prototype of a VAHCOLI-unit as deriveain the Doppler shift of the Mie signaheasured at the IAP in
Kuhlungsborn Left panel: spectra of the Mie signal (relative to the meagdiencyv,) as a function of altitude. The shift of the spectra
relative tov, is used to derive line-of-sight winds. Right panel: obsdriiee-of-sight wind profile (red line and error bars) with eight
resolution of 200 m, integrated in the time period 18:101830:00 LT on January 19, 2020. Black line: ECMWF wind peofilosest in
time and space. A small fraction (4%) of ECMWF meridional dérhas been added to ECMWF vertical winds assuming thatdaehias

a small tilt relative to the vertical by 2.3 degrees. Seefximore details.

38



wind error [m/s]

0.001 0.010 0.100 1.000 10.000 100.000
100

emd €=30% -

80 g

altitude [km]

40 .

||||u_|] |||||u_|] |||||u] ||||||u] |||||u_|] ||||||u] ||||||u] |||||uJI [IERIN}
107" 10° 10' 10% 10% 10* 10° 10° 107 108

number of photons per 5 min and 200 m

Figure 8. Sensitivity of a VAHCOLI unit to measure temperatures, veindnd aerosols. Lower abscissa, orange: count rate; retheru
of photons (V1) per time and height interval @&ft=5 min andéz=200 min, respectivelyN,, would increase by a factor of 60 if instead
0t=1 hour andbz=1 km had been chosen. Black lines at 80-100 km: approximatebar of photons expected from the K and NLC layers.
The vertical dashed orange lines indicate the maximum weabie count rate (f0Hz) and typical dark count rates of the detector (20 Hz).
Upper abscissa: green: temperature error for an integraitiee and altitude bin aft=1 hour andz=1 km, respectively. Blue: error of winds
obtained from stratospheric aerosols (Doppler-Mie, lopaat) and from Doppler-Rayleigh (upper part). These caltohs assume a laser

energy of 6 mJ and an overall detection efficiency of 30%.
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Figure 10.Impact of increasing the timé{) and/or the height intervabg) on the temperature error from equation 5. Temperaturesare
shown as a function of g = - 62)/(5tcer - 6 zcer) Wheredt,or=5 min andd z,.;=200 m.N,;=2-10° is the number of photons at.;=20 km.
The upper abscissa shows the time intetitah 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 lidard (wit
5 beams each) located at horizontal positions (x,y) of @/kBue), (-20/0, green), (0/10, orange), and (70/0, rdbi, &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 190 horizontal connections betweercttes at 60 km. Lower panel: Horizontal coverage by 4 kdaith 5 beams
each, where the 4 locations are chosen from various scen&aeh point gives the horizontal distance between two bedran altitude of

20 km (circles) or 60 km (stars). The size of the symbols iatdis that several identical distances are representeccoltws indicate the
azimuth of these connections: red: east-west®0°), blue: north-south (90+20°), black: others. The corresponding number of cases are
listed on the left ordinate (total of 190). The uppermoshsc® (highlighted by small arrows) shows the case preséntthe upper panel.
The vertical lines indicate scales which are relevant fiatted 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 scalesy, black), and Ozmidov scale4.§, blue). Typical time scales(, right red
axis) and horizontal velocities:f, right black axis) related té, 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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