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Abstract. We present a Frequency Scanning Lidar method (FSL method) for measuring stratospheric aerosols up to an altitude

of 30 km. This approach leverages an ultra-narrowband Alexandrite ring laser with a spectral width of 3.3 MHz and high-

resolution spectroscopy with a spectral resolution of 100 MHz, enabling the separation of molecule and aerosol scattering. The

FSL method’s solar-blind Mie channel allows for measurements both day and night, while its compact design (approximately

one cubic meter in volume) facilitates mobile deployment. With a vertical resolution of 200 m and a temporal resolution of5

20 min, as achieved for the data presented here using the instrument configuration described in this study, the FSL method

provides high-resolution observations of aerosol distributions in the stratosphere. The uncertainties of the FSL method for

the backscatter coefficient are approximately 1.5× 10−10m−1sr−1 at 20 km, both during day and night. We demonstrate the

method’s capabilities by presenting backscatter coefficient profiles measured during selected periods from 2022 to 2024. These

profiles show good agreement with satellite-derived profiles from the Ozone Mapping and Profiler Suite Limb Profiler (OMPS-10

LP) and the Stratospheric Aerosol and Gas Experiment on the International Space Station (SAGE III/ISS) with a mean absolute

deviation of∼ 25% at altitudes of 15–25 km. This demonstrates the potential of the FSL method for providing high-resolution,

long-term observations of stratospheric aerosols.

1 Introduction

Stratospheric aerosols play a central role in the Earth system because they strongly influence both climate and atmospheric15

chemistry (e.g. Kremser et al., 2016). By scattering and absorbing solar and terrestrial radiation, they modify the planetary en-

ergy balance, cooling the surface while warming the lower stratosphere, and thereby altering atmospheric circulation patterns.

Episodic injections from large volcanic eruptions can produce radiative forcing (e.g. Robock and Mao, 1995) comparable to an-

thropogenic greenhouse gases on short timescales, offering natural experiments for testing climate models and, controversially,

informing proposals for solar radiation management (e.g. Crutzen, 2006). At the same time, stratospheric aerosol particles pro-20

vide surfaces for heterogeneous chemical reactions that affect ozone concentrations (e.g. Fahey et al., 1993), with implications

for ultraviolet radiation reaching the surface and for compliance with international agreements such as the Montreal Protocol.

Because their properties are shaped by a combination of emissions, microphysical processes, and large-scale transport, strato-
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spheric aerosols also serve as sensitive tracers of dynamical variability, making them key observables for understanding past,

present, and future changes in the climate system.25

In volcanically quiet periods, the stratospheric aerosol layer is primarily formed by the vertical transport of aerosols and

precursor gases such as carbonyl sulphide (OCS) and sulphur dioxide (SO2) bottom up through the tropical tropopause layer

(Kremser et al., 2016). Aerosols or aerosol-forming substances can be injected directly into the stratosphere, particularly by

explosive volcanic eruptions, but in recent years also increasingly by wildfire-driven pyrocumulonimbus clouds (Fromm et al.,

2010). The sulphur compounds injected into the stratosphere are converted into sulphuric acid (H2SO4), which combines30

with H2O to form sulphate aerosols. The produced sulphate aerosols are known to exist at 15 to 25 km altitude (Junge et al.,

1961), often referred to as the "Junge layer". Depending on altitude, latitude, and season, there is a very high variability in

stratospheric aerosol. There is also top-down particle input from space into the stratosphere. This occurs naturally through

meteoric smoke particles (MSPs) (e.g. Plane, 2012) or, increasingly, anthropogenically through satellite debris (e.g. Murphy

et al., 2023). MSPs form from the ablation of meteoroids at an altitude of 70–120 km (Plane, 2003) and pass through the35

mesosphere into the stratosphere. Initially, MSPs are thousands of times smaller than stratospheric sulphate aerosols (Hunten

et al., 1980), but models predict that they may grow to radii of around 40 nm as they descend (Plane, 2012).

The most common method for observing stratospheric aerosols is using space-borne spectrometers. Depending on the view-

ing geometry, the transmitted or scattered solar radiation is measured and the aerosol extinction coefficient or aerosol optical

depth is derived. This makes it possible to achieve near-global coverage. Depending on the exact measurement methodology,40

problems arise that need to be solved, such as the correct quantification of the absorption contributions of ozone, nitrogen

dioxide and water vapour, as well as molecular scattering (e.g. SAGE III ATBD Team, 2002) or, for limb scattering measure-

ments, the need to make assumptions about the influence of multiple scattering and aerosol properties (e.g. von Savigny et al.,

2015; Rozanov et al., 2024). Moreover, it is possible to get aerosol information up to the mid-stratosphere (about 35 km) by

balloon-borne in situ measurements (e.g. Deshler et al., 2003). But these soundings are rare and limited to appropriate launch45

sites.

Therefore, high-resolution lidar measurements of stratospheric aerosols are highly valuable, as they provide vertically re-

solved long-term observations that complement satellite and aircraft measurements and thereby contribute to a more robust

assessment of the global distribution and radiative forcing of stratospheric aerosols. Moreover, their fine vertical resolution is

crucial for resolving sharp gradients near the tropopause, thin aerosol layers, and small-scale structures associated with gravity50

waves and transport. Such features can exert a disproportionate influence on radiative effects and heterogeneous chemistry, yet

they are often inadequately represented or entirely missed in coarser satellite retrievals and climate model outputs.

Extending lidar measurements to at least 30 km altitude is essential for resolving the full vertical extent of the Junge layer,

capturing lofted aerosol from moderate and large volcanic eruptions, and detecting faint signals potentially linked to MSPs

or re-entering space debris. They provide critical benchmarks for evaluating climate models, interpreting satellite aerosol55

products, and attributing observed stratospheric aerosol variability to natural and anthropogenic drivers. Despite these needs,

current ground-based lidar systems lack the sensitivity required to detect stratospheric aerosols above the Junge layer (Langen-

bach et al., 2019; Chouza et al., 2020). This limitation results from the limited laser power and the spectral properties of the
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lidar system, which lead to an insufficient signal-to-noise ratio at high altitudes, where Rayleigh scattering from air molecules

dominates the return signal. Under non-volcanic (background) conditions, the weak backscatter of stratospheric aerosols at60

conventional wavelengths (e.g. Nd:YAG 532 nm) further hampers detection. In contrast, the use of a longer wavelength, for

example 770 nm, significantly reduces Rayleigh dominance over particle scattering. Combined with the Frequency Scanning

Lidar (FSL) method presented in the next chapter, this enables precise monitoring of stratospheric aerosol structures with high

vertical and temporal resolution, even under fluctuating environmental conditions during day and night.

The paper is structured as follows: Section 2 presents the methodology and operational principles of the FSL approach,65

with emphasis on its ability to provide high-resolution aerosol data under daylight conditions. The results are shown in sec-

tion 3. Section 4 discusses the resulting time series of FSL-derived aerosol parameters and compares it with collocated satellite

observations. Section 5 summarises the main findings and provides an outlook on future developments.

2 Methodology

2.1 Determination of particle backscatter coefficient with conventional lidar instruments70

Stratospheric aerosol measurements traditionally rely on separating molecular (Rayleigh) and particle (Mie) backscattered

signals at a single wavelength to retrieve particle backscatter coefficients using a reference profile (e.g. Klett, 1985). In the

simplest form, this reference is constructed by extrapolating a pure Rayleigh signal under the assumption that the atmosphere

above approximately 30 km is free of aerosol. This signal is then extended downward, and deviations from this signal at

lower altitudes are attributed to additional backscattering by aerosol particles. However, this approach neglects the temperature75

dependence of the Rayleigh signal. This method remains widely used, due to its simplicity, and its low requirements on the

measurement hardware.

An improved approach involves the use of additional wavelength-shifted Raman scattering (Schneider and Eixmann, 2002).

Since Raman scattering occurs exclusively on molecules, it provides an aerosol-independent backscatter signal as a reference

signal. A major disadvantage of this measurement method is the small backscattering cross-section of the Raman scattering,80

which is 3 orders of magnitude lower than for Rayleigh scattering. This results in a drastically decreased return signal for

the Raman scattering, leading to a need for instruments with large telescopes and powerful lasers for observations in the

stratosphere. Another limitation arises from the requirement for separate detectors and optical paths for the Rayleigh and

Raman channels. These can introduce systematic errors due to detector-specific nonlinearities (e.g., varying dead times) on the

different optical paths.85

High Spectral Resolution Lidar (HSRL) techniques overcome limitations of standard backscatter lidar by employing a dual-

channel detection. In this configuration, the backscattered light is split between two detectors, with one channel equipped with

a high-precision, narrowband spectral filter. The narrowband laser is then stabilized to the filter, which possesses a spectral

width significantly narrower than the Rayleigh-scattering spectrum. By suppressing a specific portion of the return signal the

filter enables the system to isolate the particulate (Mie) and molecular (Rayleigh) components. The aerosol optical properties90

are then derived directly from the intensity ratio of the signals recorded by the two detectors. Typical filter implementations use
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interferometers, such as Fabry-Perot interferometers, or molecular absorption cells, such as iodine vapor cells (Shipley et al.,

1983; Sroga et al., 1983; Hair et al., 2008). For these instruments, the Doppler shift induced by atmospheric motion must be

accounted for by ensuring the filter bandwidth is wide enough to encompass the maximum expected shift. Additionally, the

laser linewidth must be maintained substantially below the filter width to ensure consistent measurement accuracy. For ESA’s95

Aeolus mission, which aimed primarily at global wind profiling, this challenge was addressed by using a Fizeau interferometer

as a filter (Stoffelen et al., 2005). This allowed the implementation of a fringe-imaging technique on a multi-pixel detector to si-

multaneously measure the Doppler shift for wind retrieval and account for it during aerosol analysis. In contrast, the subsequent

ESA–JAXA EarthCARE mission returned to a classical HSRL architecture for its ultraviolet ATmospheric LIDar (ATLID).

Since EarthCARE’s primary objective is the characterization of clouds and aerosols rather than direct wind measurements,100

the HSRL technique provides a more direct means of retrieving vertical aerosol profiles and particle-type discrimination via

depolarization analysis (Gelsthorpe et al., 2017; Wehr et al., 2023).

Lidars have been developed at the Institute of Atmospheric Physics (IAP) for many years. In addition to the RMR lidar

systems used in Kühlungsborn (Northern Germany) and Andenes (Northern Norway), we have developed a lidar system for

many years that utilizes a FSL method with a new generation of Alexandrite laser (Munk et al., 2018). The FSL method used105

in this study is designed to sample multiple frequencies within a very short time by changing the laser frequency from pulse

to pulse, which allows a reduction of the combined spectral bandwidth of the laser and the detection filters. This method

was originally developed at IAP for Doppler resonance measurements at 770 nm to determine potassium density and neutral

temperatures with high precision in the mesopause region (about 80 to 105 km) (Höffner and Lübken, 2007).

2.2 Determination of backscatter ratio and backscatter coefficient with FSL method110

2.2.1 FSL method

The FSL method of the lidar system VAHCOLI (Vertical And Horizontal COverage by LIdar) presented here uses a spectro-

scopic measurement method developed at the IAP (Lübken and Höffner, 2021), which has already been used successfully in

the IAP potassium Doppler-resonance lidar in the past (von Zahn and Höffner, 1996). This has been further developed recently

(Froh, 2021) and adapted for the FSL measurement system. The FSL method for aerosol determination relies on the following115

key elements:

1. Narrowband Laser Emission: A highly narrowband Alexandrite ring laser with a wavelength of 770 nm and a spectral

width of 3.3 MHz is utilized, featuring a spectral linewidth much smaller than the Rayleigh scattering bandwidth (ap-

proximately 1400 MHz) and on the same order of magnitude as Mie scattering with a linewidth typically < 0.1 MHz.

This ensures exceptional frequency purity, favouring spectral precision over short pulse duration. The two available laser120

configurations used are power-scaled versions running at 500 and 750 Hz repetition rate with 3.03 mJ and 3.2 mJ pulse

energy, respectively. They are described in detail in Munk et al. (2023) and have been developed in close collaboration

with the Fraunhofer Institute for Laser Technology in Aachen over the past decade (Strotkamp et al., 2013; Munk et al.,

2021).
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Figure 1. Simplified schematic of the spectral splitting shows the backscattered laser signal generated by narrowband laser emission. The

subsequent separation of the backscattering processes is based on the Doppler width, illustrated using the example of Mie (blue) and Rayleigh

(green) scattering with solar background (yellow) and an idealized rectangular filter. The rightmost panel sketches the backscattered signal

in counts on a log scale.

2. Spectral Scanning Capability: The laser wavelength is tuned pulse-to-pulse around 770 nm, covering the full spectral125

range relevant for Mie scattering while scanning only a narrow (∼100 MHz) fraction of the Doppler-broadened Rayleigh

spectrum, required to account for wind-induced Doppler shifts at inclined lines of sight. This frequency-scanning ap-

proach is achieved using a fast and precise tuning mechanism in the Alexandrite ring laser, operating in combination

with a highly stabilized filter (Froh, 2021).

3. Daylight Operation via Solar Background Suppression: To enable reliable measurements under full daylight conditions,130

the instrument incorporates narrowband filtering using a combination of planar (∼2000 MHz) and confocal (∼7.5 MHz)

etalons. By doing so, solar background radiation is significantly suppressed, enhancing signal-to-noise performance

during daytime operations and rendering the Mie channel effectively solar-blind (Froh, 2021).

4. Spectral Separation of Mie and Rayleigh Scattering: The backscattered signal is optically separated into distinct Mie and

Rayleigh components using the confocal etalon mentioned above, precisely matched to the spectral widths of the respec-135

tive scattering processes, as schematically shown in Fig. 1. This spectral splitting enables independent detection of the

Mie signal with strongly suppressed Rayleigh interference, while maintaining simultaneous and accurate measurement

of both scattering contributions (Froh, 2021; Mense et al., 2024).

This FSL method allows for the measurement of high-resolution spectra of the backscattered signal, as described in more

detail in Lübken and Höffner (2021). These captured spectra can then be used for precise measurements of the line of sight140

wind as described in Mense et al. (2024) and aerosol parameters, as described in this publication.
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Therefore, the backscatter ratio (BSR, or RAer) can be derived from the spectra detected using separate Mie (aerosol scatter-

ing dominates) and Rayleigh channels (molecule scattering dominates) (Fig. 1). Subsequently, the corresponding backscatter

coefficient (BSC, or βAer) is determined, providing a quantitative measure of the aerosol scattering properties of the atmosphere.

2.2.2 Aerosol data processing145

Backscatter ratio

BSR, RAer = βTotal/βMol, quantifies the relative contributions of Mie and Rayleigh scattering. The altitude-dependent BSR,

RAer(z), is given by:

RAer(z) =
βAer(z) +βMol(z)

βMol(z)
=

βAer(z)
βMol(z)

+ 1 (1)

where βAer(z) and βMol(z) are the altitude-dependent aerosol and molecule backscatter coefficients.150

For pure molecule scattering, RAer = 1. When aerosol scattering is present, RAer > 1, and RAer− 1 quantifies the ratio of

aerosol to molecular backscatter. The concept for the retrieval of the Mie and Rayleigh signals from the spectrum, necessary

for the calculation of the backscatter ratio, is shown in Fig. 2. Panel (a) shows the spectrum measured with an avalanche

photodiode 1 (APD1), normalized to the maximum intensity at every altitude for the sake of visibility.

The Mie channel (APD1) contains the narrowband spectrum of the Mie and Rayleigh signals transmitted through the con-155

focal etalon, with their relative contributions varying with the instantaneous laser wavelength across the scanned spectrum,

together with the APD dark count rate and a solar background contribution that is smaller than the dark count rate. The

Rayleigh channel (APD2) detects only the fraction of the lidar signal that is reflected by the confocal etalon and coupled out

via a beam splitter in the return path. Consequently, the detected signal does not represent the full Rayleigh scattering, as a

small Rayleigh contribution is transmitted through the confocal etalon and therefore not captured in this channel. In addition to160

the reflected Rayleigh component, the signal contains contributions from Mie scattering, solar background radiation, and the

intrinsic dark count rate of the APD (Froh, 2021).

In general, aerosol load is determined by comparing APD1 peak signals to wing signals, which requires only a single APD

and thus reduces instrumental complexity and potential sources of systematic error compared to multi-detector approaches. In

the absence of aerosol, the spectrum is flat (Rayleigh background only). Peaks above this background indicate Mie backscatter.165

For higher altitudes, the BSR retrieval must use both APD1 and APD2 spectra (dark counts and solar background removed),

as explained below.

Mie and Rayleigh signals are extracted from APD1 using three windows, as shown in Fig. 2 b. For each altitude bin the

window position and width are calculated based on the Voigt-fit results used for the wind measurement, as discussed in Mense

et al. (2024). The centre window (red) has a width of two times the Mie peak’s FWHM (Full Width Half Maximum), and thus170

contains most of Mie photons (P1,c). The outer windows (green) have a cumulative width of four times the Mie peak’s FWHM

and are used to determine the Rayleigh background P1,Ray (green). The Mie signal then is:

P1,Mie = P1,c−P1,Ray (2)
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Figure 2. Connection between measured spectra with FSL method and determined BSR. (a): Example of an atmospheric spectrum measured

using APD1 of on 28 February 2023 between 19:30 UT and 22:30 UT with the vertical pointing telescope. A vertical integration window of

1 km was used, which was shifted in 200 m steps. (b): Spectrum measured on APD1 in 15.3±0.5 km. The windows used for the retrieval of

the Mie and the Rayleigh signal are marked in orange and green. (c): Signals used for the calculation of the BSR. (d): calculated BSR profile.

Due to the suppression of Rayleigh scattering in the APD1 channel, the Rayleigh signal becomes to noisy above typically

20 km, as visible in Fig. 2 c. In this case we need to use APD2 instead, as it retains Rayleigh backscatter. From the spectrum175

measured with APD2, P2,total is retrieved using the same window method described before. P2,total is scaled to P1,Ray at 15 km.

The BSR is initially estimated as:

RAer(z) =
P1,Mie(z)
P2,total(z)

· 1
ζ · η(z)

+ 1 (3)

where ζ and η are correction factors. ζ is the suppression of the Rayleigh signal in APD1 due to the filter setup used. It can

either be calculated from the measured filter functions of the planar and confocal etalon, or determined experimentally using180

thin cirrus clouds. In the setup shown in this publication, it is around 60. η is the ratio between the peak height of the Mie peak

and the mean photon count in the centre window and also accounts for the fraction of photons not captured in the window.

It is calculated from the discrete window width and the Voigt-fit results for each altitude channel to avoid numerical artifacts.
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Since P2,total includes both Rayleigh and Mie contributions, RAer is systematically underestimated. An iterative approach is

thus used, in which P2,total is corrected with the calculated RAer185

P2,Ray =
P2,total

RAer
. (4)

This can then be used to calculate RAer again:

RAer(z) =
P1,Mie(z)
P2,Ray(z)

· 1
ζ · η(z)

+ 1 (5)

This iterative correction quickly converges to the true RAer (typically << 10 iterations), which is shown in Fig. 2 d and leads

to the pure Rayleigh signal, shown in blue in Fig. 2 c.190

Backscatter coefficient

The BSR is a convenient relative diagnostic of aerosol contributions but suffers from its dependence on the background molec-

ular profile, which varies with altitude, season, and atmospheric state. This dependence limits its use for model validation and

long-term monitoring, as changes in BSR may partly reflect variations in the reference atmosphere rather than genuine aerosol195

variability. By contrast, the aerosol backscattering coefficient (BSC, denoted as βAer(z,λ) in Eq. (6)) is an absolute, physically

consistent measure of aerosol scattering. When particle size information is available, it can be compared across datasets, mod-

els, and time periods. Its use therefore provides a more reliable basis for geophysical interpretation, long-term trend analysis,

and the evaluation of model performance.

To obtain the BSC from the BSR, we use the following relation resulting from Eq. (1):200

βAer(z,λ) = βMol(z,λ) · (RAer(z,λ)− 1) (6)

βMol(z,λ) can be derived for dry air from the density profile N(z) and the molecular backscattering cross-section σR
π (λ)

(Measures, 1984):

βMol(z,λ) = N(z) ·σR
π (λ) (7)

with205

σR
π (λ) = 5.45

(
550
λ

)4

× 10−32m−1sr−1nm−4 (8)

There are various options for determining the altitude-dependent number density of air molecules. One possibility is to de-

termine it using external sources such as radiosonde ascents or atmospheric models. Another method used here is the direct

determination from the molecular signal of the lidar measurement, adjusted using a reference density profile from hourly fore-

casts of the Integrated Forecasting System (IFS) (cycle 47r3) of the European Centre for Medium-Range Weather Forecasts210

(ECMWF) (Copernicus Climate Change Service, 2025a).
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Statistical error of backscatter ratio and backscatter coefficient

The measurement errors given in this publication for the lidar derived backscatter ratio and backscatter coefficient only consider

the error of the photon counts, n. For this, we assume a Poisson distribution with a width of σn =
√

n. The error of BSR and215

BSC are then calculated by feeding the photon count errors through the processing chain using Gaussian error propagation.

Resulting errors can thus be considered purely statistical errors. Instrumental and systematic effects are not taken into account

for the calculation of the statistical error, due to the difficult estimation of these effects without reliable alternative measurement

techniques for comparison. It is important to note here, that due to derivation of the aerosol properties by comparison of signals

from the same altitude bin, the method is not affected by the lidar’s overlap function (height-dependent overlap between the220

laser beam and the telescope’s FOV), which is a source of error commonly found in other lidar based methods.

2.3 Determination of backscatter coefficient with satellite instruments

To compare lidar measurements with data sets from satellites, measurements from the Ozone Mapping and Profiler Suite

Limb Profiler (OMPS-LP) and Stratospheric Aerosol and Gas Experiment on the International Space Station (SAGE III/ISS)

instruments are used. A comparison with space-borne lidars such as the Cloud-Aerosol LIdar with Orthogonal Polarisation225

(CALIOP, 2006–2023) or ATLID (2024–present), which also derive backscatter coefficients, appears unsuitable for this work.

With CALIOP, the signal is too weak under background conditions in the stratosphere, letting the extinction retrieval fail. As

with VAHCOLI, ATLID is also a Doppler lidar that measures profiles in one wavelength channel up into the stratosphere.

However, without knowledge of the Ångström exponent, there is no direct comparability of the BSC at 355 nm for ATLID and

at 770 nm for VAHCOLI. A combined Ångström exponent from the BSCs of collocated measurements from VAHCOLI and230

ATLID could be calculated to derive information about particle size. However, this is beyond the scope of this paper.

The OMPS-LP instrument measures the limb-scattered solar radiation. As with all limb instruments, OMPS-LP is confronted

with the challenge that surface reflection and multiple scattering typically make a significant contribution to the total scatter

signal, which complicates the methodology. Each measurement not only depends on the aerosol extinction but also on the

conditions of the atmosphere and the aerosol microphysical properties. OMPS-LP was launched on 28 October 2011 as the235

first OMPS mission aboard the Suomi National Polar-orbiting Partnership (S-NPP) satellite into a sun-synchronous orbit at

an altitude of approximately 800 km. OMPS-LP is one of three OMPS instruments, alongside two spectrometers with nadir

viewing geometry. OMPS-LP/S-NPP has been in operation since February 2012 and is still active today.

The instrument is a prism spectrometer covering a spectral range of 280–1000 nm. Towards the infrared wavelengths, the

spectral resolution becomes increasingly coarse (Jaross et al., 2014). The instrument can perform measurements through three240

vertical slits, which are separated horizontally by 4.25°. The tangent points measured on the ground are approximately 250 km

apart. During each measurement, the solar radiance scattered from the atmospheric limb is simultaneously recorded from the

ground up to 80–100 km. Approximately 14 orbits, with 160 measurements each, are performed per day. The measurement of

a single profile takes approximately 19 seconds. Global coverage thus takes about 3–4 days.

Using a radiative transfer model, the measured radiances can be converted into aerosol extinction coefficients. For the245

present study, the "Suomi-NPP OMPS LP L2 AER Daily Product" Version 2.5 from NASA’s Goddard Earth Sciences Data
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and Information Services Center (GES DISC) is used (Taha and Loughman, 2020). The retrieval algorithm is described in

Taha et al. (2021). Here, the aerosol extinction coefficient is derived at six wavelength channels (510, 600, 675, 745, 869 and

997 nm) up to a maximum altitude of 40.5 km. All retrievals are independent of each other (Taha et al., 2021).

SAGE III/ISS is a solar occultation instrument (Cisewski et al., 2014). The mission was launched on 19 February 2017 and250

began collecting data in June 2017. It is an update of the SAGE III instrument on Meteor-3M (Thomason et al., 2010) and is

very similar in its functionality. It measures the attenuation of solar radiation due to absorption and scattering on its way through

the atmosphere to the instrument during sunrise and sunset events. A scan of a single event takes approximately 30 seconds

to one minute. The aerosol extinction coefficient is retrieved in nine wavelength channels. Version 6.0 is used for this work

(NASA/LARC/SD/ASDC, 2025). This version also includes derived particle size distribution (PSD) parameters according to255

the method described in Knepp et al. (2024).

The conversion of extinction coefficients derived from satellite instruments into the BSC measured by lidar requires a

conversion of the extinction coefficient k retrieved by the satellite to the wavelength of the lidar λlidar = 770 nm. For this

purpose, the Ångström exponent α is calculated for a wavelength combination that is close to the lidar wavelength.

α(z) =−
log
(

kext(z,λ1)
kext(z,λ2)

)

log
(

λ1
λ2

) (9)260

For OMPS-LP, λ1 = 745 nm and λ2 = 869 nm are used, for SAGE III/ISS, the wavelengths λ1 = 756 nm and λ2 = 869 nm

are used. The extinction coefficient at 770 nm can now be interpolated using the Ångström exponent α and the extinction

coefficient kext at one of the two wavelengths.

kext(z,λlidar) = kext(z,λ1) ·
(

λ1

λlidar

)α(z)

(10)

For the subsequent conversion to BSC, the extinction-to-backscatter ratio (hereafter referred to as lidar ratio) Λ is used.265

Λ(z) =
kext(z,λ)

βAer(z,λ,Θ)
=

1
ΦMie(z,λ,Θ)

(11)

Assuming a negligible absorption fraction of the extinction coefficient, the lidar ratio can be obtained as the inverse of the

Mie phase function ΦMie at 180°. It depends on the composition and size distribution of the scattering aerosols. The phase

function as a function of height z can be determined using a Mie code for a scattering angle Θ = 180°, a refractive index of

stratospheric sulphate particles with an assumed sulphuric acid content of 75 % (Rosen, 1971) and known PSD parameters,270

median radius rmed, and geometric standard deviation σg .

SAGE III/ISS measurements can be used to derive PSD parameters. For comparisons between FSL and SAGE III/ISS, PSD

parameters from the collocated SAGE measurement can be used to derive the BSC. For comparisons of FSL with OMPS-LP,

a zonal mean lidar ratio profile at the latitude where the lidar measures at 54.1° N ±1° is derived from SAGE III/ISS PSD
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parameters for the period from the start of the SAGE mission in June 2017 to September 2025. From 14–26 km altitude, the275

median radius averages 185 nm, with a standard deviation of 84 nm and the geometric standard deviation averages 1.41 with

a standard deviation of 0.22. This translates into a lidar ratio in the lower and middle stratosphere at 770 nm that is highest at

an altitude of 20 km and decreases with altitude, averaging 69 sr with a standard deviation of 14 sr. At higher altitudes, the

derived PSD parameters are associated with increasing uncertainty. This also reduces the reliability of the derived lidar ratio

with altitude.280

3 Results

In the previous section, the FSL method was introduced as an approach to determine BSR independently of an assumed

reference profile, and to derive the BSC. It was also demonstrated how satellite data products from OMPS-LP and SAGE

III/ISS can be used to calculate the BSCs and compare it with lidar measurements. First, we present the BSCs retrieved with

the FSL method independent of day or night, enabling characterization of its temporal evolution. Second, the derived BSCs are285

compared with independent, collocated satellite observations.

3.1 Data analysis - backscatter ratio, backscatter coefficient

Figure 3 presents the retrieved BSC from a 16-hour measurement covering altitudes between 15 and 30 km. Panels (a)–(c)

display BSC profiles at 5-hour intervals, each representing a 20-minute mean. The contour plot in panel (d) illustrates the

temporal and dynamical evolution of the Junge layer over the entire measurement period, revealing substantial variations in290

altitude, time, and magnitude. For the development of the BSC over time, a step size of 20 minutes with a moving average of

one hour was chosen. The step size for altitude is 200 meters with an average of 1000 meters. The Junge layer, characterized by

a pronounced enhancement in BSC between 16 and 22 km, is clearly discernible in all profiles. Temporal variability within the

Junge layer is evident from the differences among panels (a)–(c). Above 22 km, aerosol backscatter decreases sharply within a

few hundred meters, while above 28 km, the measurement uncertainty of the system increases significantly.295

3.2 Data analysis - BSC comparison with satellite measurements

Figure 4 shows comparisons of the FSL BSC and the BSC derived from satellite measurements on four separate days, along

with the associated error bars. The error estimation of the lidar-derived BSC, which only considers the error of the photon

count, is explained in Sec. 2.2.2. The procedure for estimating errors in the BSC derived from the two satellite products is

described in Appendix A. Figures 4 (a)–(d) show the FSL BSC averaged over several hours and averaged BSC profiles from300

collocated OMPS-LP measurements taken with a maximum spatial distance of 175 km and calculated with a zonal lidar ratio

profile averaged over the duration of the SAGE III/ISS mission. The temporal difference of collocated measurements is less

than one day for Figs. 4 (a)–(c) and less than one and a half days days for Fig. 4 (d). The temporal and spatial requirements

were chosen so that at least two collocations are available for each comparison made.
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Figure 3. The BSC from a 16-hour measurement on 7–8 February 2023, Kühlungsborn. (a), (b), (c): Mean BSC for selected time periods.

(d): Temporal and dynamic evolution of the Junge layer over the entire measurement period.

Figures 4 (c) and 4 (d) additionally show BSC profiles with lidar ratios profiles, derived from collocated SAGE III/ISS305

measurements and their associated PSD parameters, with a maximum spatial distance of 450 km and a temporal difference

of less than one day in Fig. 4 (c) and less than four days for Fig. 4 (d). These requirements were chosen in order to have one

collocated SAGE-III/ISS measurement at both times. During northern winter, SAGE III/ISS only covers the mid-latitudes to a

limited extent, therefore no suitable collocated SAGE III measurements are available for December 2022 and early February

2023. The lidar ratios with corresponding errors are shown in Fig. 4 (e).310

In 15–25 km altitude, the average absolute deviation between lidar and satellite is 25 %. At the peak of the stratospheric

aerosol layer, the lidar BSC is 35–45 % smaller than the BSC derived from satellite measurements. Above an altitude of 26 km,

the noise increases and the deviations tend to become larger.

The measurements compared are not perfect collocations, as the same air volumes are not measured. This is due to the

temporal and spatial distance between the satellite measurements and the lidar measurements, which is expected to have an315

influence, especially in winter measurements due to the stronger atmospheric dynamics. As can be seen in Fig. 3, a deviation

in the profiles is expected simply because of the temporal difference between the measurements. In addition, unlike lidar, the

satellite measurements are not point measurements and the horizontal resolution is coarser.
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Figure 4. Comparison of the BSC from four FSL measurements (in blue) averaged over several hours with the derived BSC at 770 nm

from collocated satellite measurements in (a–d). The lidar ratios (LR) used are shown in (e) in the corresponding colours. The mean spatial

distance of these collocated measurements from Kühlungsborn is given in km. For OMPS-LP, the calculated BSC for a zonal lidar ratio

profile averaged over the duration of the SAGE III/ISS mission (see Sec. 2.3) is shown in red. The SAGE III BSC with a variable lidar ratio

depending on the PSD of the measurement is shown in yellow. The percentage deviation of the FSL from the satellite measurements is shown

on the right-hand side of each subplot. The range of a deviation of 50 % and 25 % is indicated by a dashed and dotted line, respectively.

The error of the BSC increases with altitude. This is least significant for the BSC shown from OMPS-LP measurements, as

several measurements are averaged here and a zonal mean lidar ratio is used. The errors shown for the three different BSCs320

should be interpreted with caution, as they contain different error contributions depending on the instrument and are not equally

representative of the total error, see Appendix A.

4 Discussion

The measurement depicted in Fig. 3 illustrates the vertical and temporal distribution of stratospheric aerosols, most notably the

distinct Junge layer situated between 16 and 22 km. A pronounced decrease in backscatter above 22 km indicates the transition325

toward lower aerosol concentrations in the upper stratosphere. Above 26 km, the signal-to-noise ratio decreases significantly

as a result of the lower abundance of sulphate aerosols, which limits the instrument’s aerosol sensitivity at these altitudes.

To facilitate future investigations of higher-altitude phenomena, such as MSPs, detection efficiency could be enhanced by

increasing the backscattered signal through the integration of power scaled Alexandrite-lasers or larger telescope apertures.
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Furthermore, the implementation of narrower spectral bandwidths for both the laser and the detection filters could further330

improve sensitivity, although the current configuration already operates near the current performance limits.

From mid to late February 2023 (not shown), there is significant small-scale variation in aerosol extinction (satellite mea-

surements) over Kühlungsborn. This is due to the polar vortex shifting towards the mid-latitudes and moving horizontally.

Consequently, the discrepancy between the satellite profiles of the two instruments in 17–25 km altitude is larger at the end of

February 2023 than during the more quiescent late-summer period in September 2024. Because of the same reason, the spatial335

distance of the SAGE III collocation in February 2023 (over 400 km further south than FSL and OMPS-LP) has a greater

influence than it does in September 2024. We expect improved comparison results once a larger sample of lidar measurements

is available for comparison to satellite data, because then variability at small spatial and temporal scales will average out to a

greater extent.

Comparison with satellite-derived backscatter demonstrates overall good agreement and highlights the complementary na-340

ture of the datasets. OMPS-LP and SAGE III/ISS rely on spectrometer-based extinction retrievals. Although these satellites

offer broad spatial coverage, their coarse vertical resolution and horizontal averaging reduce sensitivity to short-term and fine-

scale variability. The high-resolution FSL measurements capture aerosol structures, such as the layering phenomena visible in

Fig. 3, which cannot be resolved using common remote sensing methods. The observability of streamers and frozen-in anticy-

clones using aerosols as tracers has been demonstrated with satellite instruments (Löns et al., 2025), and FSL measurements345

offer the potential to observe even finer-scale structures vertically and temporally.

Deviations between the lidar measurement and satellite profiles — especially around 20 km — can be partly attributed to

limited spatiotemporal collocation, horizontal smoothing in limb observations, and assumptions that must be made when con-

verting the signal measured by the satellite into the extinction coefficient and BSC. Particularly in the atmosphere unaffected

by the polar vortex in September 2024, the quality of spatiotemporal collocation is less important, as the stratospheric profiles350

in the vicinity of Kühlungsborn vary only slightly over time. Nevertheless, a comparison of lidar and satellite data at an altitude

of 20–25 km shows that the signal in the lidar BSC is about 25% lower than in the satellite BSC. The backscatter measured

with FSL is therefore lower than would be expected from the calculated backscatter derived from limb and solar occultation

measurements. If the actual particle size distribution deviates from the assumed unimodal log-normal distribution for example,

due to bimodality or increased coarse-mode fraction systematic biases may occur, as the size range dominating the scattering355

signal exerts disproportionate influence (von Savigny and Hoffmann, 2020; Wrana et al., 2025). Dynamically active winter

conditions can further amplify these discrepancies. Despite these limitations in the comparison of different observation meth-

ods, the high temporal and vertical resolution of the lidar ensures reliable detection and continuous monitoring of stratospheric

aerosol structures, providing critical context for interpreting satellite observations.

5 Conclusions and Outlook360

This study demonstrates that the FSL method allows for highly sensitive and high-resolution measurements of stratospheric

aerosols, even under full daylight conditions. By determining both the BSR and the corresponding BSC, it becomes possible to

14

https://doi.org/10.5194/egusphere-2026-675
Preprint. Discussion started: 16 March 2026
c© Author(s) 2026. CC BY 4.0 License.



monitor the dynamics of the Junge layer with a vertical and temporal accuracy that surpasses that achievable with the satellite

datasets considered in this work.

High-resolution FSL profiles reveal pronounced vertical structures and rapid temporal variability within the stratospheric365

aerosol layer. Comparisons with aerosol products from OMPS-LP and SAGE III/ISS show generally good agreement, with an

average absolute deviation of about 25 % between 15 and 25 km altitude. Remaining differences can largely be attributed to

spatiotemporal mismatches between ground-based and satellite observations, the coarser vertical resolution and horizontal av-

eraging inherent to satellite retrievals, and the assumptions required to derive backscatter-related quantities from limb-viewing

measurements.370

The stability of FSL retrievals demonstrates the suitability of the method for continuous monitoring under varying atmo-

spheric conditions. In this context, FSL observations provide a valuable reference for the validation and interpretation of

satellite aerosol products and allow capturing short-term dynamical variability that would otherwise remain unresolved.

Future work will further enhance the sensitivity of FSL measurements through methodological improvements such as in-

creased laser power, narrower filters, and longer averaging times. This enables reliable observations even at very low aerosol375

concentrations and allows the FSL method to cover an increasingly larger range of particle sizes in the stratosphere also above

the Junge layer. Here, a higher proportion of natural MSPs and artificial particles from re-entering satellites, as well as emitted

particles from rocket engines, is to be expected. The additional use of depolarization measurements enables targeted distinction

between spherical and non-spherical particles, allowing these sensitive signals to be captured accurately.

Data availability. All lidar measurements and derived products (including BSC) used in this study are archived on the IAP data server380

(https://kumulus.iap-kborn.de) and can be accessed upon reasonable request to ensure reproducibility. Custom scripts for data process-

ing and analysis are also available from the corresponding author upon request. For satellite data OMPS-NPP L2 LP Aerosol Extinc-

tion Vertical Profile swath daily 3slit V2.5 data are accessible from the Goddard Earth Sciences Data and Information Services Cen-

ter (GES DISC) at https://disc.gsfc.nasa.gov/datacollection/OMPS_NPP_LP_L2_AER_DAILY_2.5.html (Taha and Loughman, 2020, re-

trieved: 29 September 2025). The SAGE III/ISS data used within this study are available on NASA’s Atmospheric Science Data Center385

at https://doi.org/10.5067/ISS/SAGEIII/SOLAR_BINARY_L2-V6.0 (NASA/LARC/SD/ASDC, 2025, retrieved: 30 September 2025). Eu-

ropean Centre for Medium-Range Weather Forecasts (ERA5) hourly data on single levels from 1940 to present is freely available at

https://doi.org/10.24381/cds.6860a573 (Copernicus Climate Change Service, 2025b, retrieved: 16 December 2024). European Centre for

Medium-Range Weather Forecasts (IFS) is available at https://www.ecmwf.int/ (Copernicus Climate Change Service, 2025a) © 2025 Euro-

pean Centre for Medium-Range Weather Forecasts (ECMWF). This data is published under a Creative Commons Attribution 4.0 International390

(CC BY 4.0).
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Appendix A: Error estimation for the backscatter coefficient from satellite measurements

The error in the extinction coefficient depending on wavelength and height kext(z,λ) provided in the OMPS-LP data product

consists only of the error in calculating Rayleigh scattering. The impact of an error in the assumed aerosol microphysical

parameters for the extinction coefficient in OMPS-LP is not included. Firstly, the error of the Ångström exponent is calculated.395

∆α(z) =
1

ln(λ2/λ1)
·
√(

∆kext(z,λ1)
kext(z,λ1)

)2

+
(

∆kext(z,λ2)
kext(z,λ2)

)2

(A1)

Subsequently, the error contained in the data set is interpolated using the Ångström exponent for the extinction coefficient

at a wavelength of 770 nm.

∆kext(z,λlidar) =

√√√√
((

λlidar

λ1

)−α(z)

·∆kext(z,λ1)

)2

+
(

kext(z,λlidar) · ln
(

λlidar

λ1

)
·∆α(z)

)2

(A2)

Finally, the error of the extinction coefficient and the standard deviation of the zonal mean lidar ratio profile at each altitude400

step ∆Λ(z), as determined in Sect. 2.3, are propagated via error propagation.

∆βAer(z) = βAer(z) ·
√(

∆kext(z)
kext(z)

)2

+
(

∆Λ(z)
Λ(z)

)2

(A3)

The error of the BSC for SAGE III/ISS calculated with a single lidar ratio profile is also shown in Fig. 4. It is important to

note that the use of the derived PSD parameters contained in the SAGE III/ISS data products of the statistical median of median

radius rmed, geometric standard deviation σg and number density N0 as a combination does not provide an accurate represen-405

tation of the original measurement, as each parameter is only a weighted statistic. Mie calculations using this combination do

not reproduce the originally measured spectrum. In addition, the derived PSD parameters contained in the SAGE III/ISS data

products use refractive indices for stratospheric aerosols that are not temperature-corrected. This is expected to cause a bias,

particularly in the retrieval of number density. Moreover, the calculation of the number density in V6 of SAGE III/ISS contains

a further bias. According to the procedure in Knepp et al. (2024), the extinction coefficient at 1020 nm is first calculated for410

each combination of median radius and geometric standard deviation in the solution space with a number density of 1 cm−3.

The number density is then formed via the ratio to the extinction coefficient at 1020 nm. This introduces a bias, as the ratio is

always formed to the central position in the solution space and not to the actual position, which can range from k1020−σ1020

to k1020 + σ1020.

To reduce the influence of these error contributions, the PSD parameters are only used to simulate the lidar ratio from the415

combination of median radius and geometric standard deviation for a wavelength of 770 nm using the Mie code. The extinction

coefficient at 770 nm and its error, on the other hand, are calculated for the SAGE III/ISS measurements using the Ångström

exponent. Error propagation for calculation of the lidar ratio can be performed using the statistical data of the PSD parameters.
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The standard deviations u of the median radius and geometric standard deviation can roughly be calculated from the statistical

data obtained in the data set for the weighted median absolute deviations (MAD) within the solution space, assuming a normal420

distribution (Leys et al., 2013).

ux(z) = MADx(z) · 1.4826 (A4)

These can be used to calculate the partial derivative of the lidar ratio at height z for a variation of each parameter x by ±1

standard deviation, with x being the median radius or the geometric standard deviation.

∂Λ(z)
∂x(z)

≈ Λ
(
x(z) +ux(z)

)
−Λ

(
x(z)−ux(z)

)

2 ·ux(z)
(A5)425

Neglecting the covariances, the error of the lidar ratio can now be calculated as the sum of the error contributions of the

median radius and geometric standard deviation to the lidar ratio, which are assumed to be independent.

∆Λ(z) =

√(
∂Λ(z)

∂rmed(z)
·urmed(z)

)2

+
(

∂Λ(z)
∂σg(z)

·uσg
(z)
)2

(A6)

As in Eq. (A3), the total error of the BSC can now be determined from the error of the extinction coefficient at 770 nm and

the error of the lidar ratio.430

Author contributions. RE, JH, GB and CvS drafted and led the project and secured the grant funding. RE, TLM, JH, and JF worked on system

design, software implementation and construction of the VAHCOLI system. CL conducted the comparisons using satellite measurements.

RE, TLM and CL wrote the manuscript with the help of all co-authors.

Competing interests. Robin Wing, Gerd Baumgarten and Christian von Savigny are members of the editorial board of Atmospheric Mea-

surement Techniques.435

Acknowledgements. This work was funded by the Deutsche Forschungsgemeinschaft (research grant O-MSP-LI, project no. 516357253).

We thank the Earth Observation Data Group at the University of Oxford for providing the IDL Mie routines used in this study. The technical

developments of the lidar system necessary for this measurement acquisition and evaluation were developed in close cooperation with the

EULIAA (ID: 101086317) and the LidarCUBE (FKZ: 03RU2U08C) projects.

17

https://doi.org/10.5194/egusphere-2026-675
Preprint. Discussion started: 16 March 2026
c© Author(s) 2026. CC BY 4.0 License.



References440

Chouza, F., Leblanc, T., Barnes, J., Brewer, M., Wang, P., and Koon, D.: Long-term (1999–2019) variability of stratospheric aerosol over

Mauna Loa, Hawaii, as seen by two co-located lidars and satellite measurements, Atmospheric Chemistry and Physics, 20, 6821–6839,

https://doi.org/10.5194/acp-20-6821-2020, 2020.

Cisewski, M., Zawodny, J., Gasbarre, J., Eckman, R., Topiwala, N., Rodriguez-Alvarez, O., Cheek, D., and Hall, S.: The Stratospheric

Aerosol and Gas Experiment (SAGE III) on the International Space Station (ISS) Mission, in: SPIE Remote Sensing, edited by Meynart,445

R., Neeck, S. P., and Shimoda, H., p. 924107, Amsterdam, Netherlands, https://doi.org/10.1117/12.2073131, 2014.

Copernicus Climate Change Service: ECMWF-IFS, Copernicus Climate Change Service (C3S) Climate Data Store (CDS) [data set], https:

//www.ecmwf.int/, accessed: 2024-2-11, 2025a.

Copernicus Climate Change Service: ERA5 monthly averaged data on pressure levels from 1940 to present, Copernicus Climate Change

Service (C3S) Climate Data Store (CDS) [data set], retrieved December 16, 2024, from https://cds.climate.copernicus.eu, 2025b.450

Crutzen, P. J.: Albedo Enhancement by Stratospheric Sulfur Injections: A Contribution to Resolve a Policy Dilemma?, Climatic Change, 77,

211, https://doi.org/10.1007/s10584-006-9101-y, 2006.

Deshler, T., Hervig, M. E., Hofmann, D. J., Rosen, J. M., and Liley, J. B.: Thirty years of in situ stratospheric aerosol size distribution

measurements from Laramie, Wyoming (41◦N), using balloon-borne instruments, Journal of Geophysical Research: Atmospheres, 108,

2002JD002 514, https://doi.org/10.1029/2002JD002514, 2003.455

Fahey, D. W., Kawa, S. R., Woodbridge, E. L., Tin, P., Wilson, J. C., Jonsson, H. H., Dye, J. E., Baumgardner, D., Borrmann, S., Toohey,

D. W., Avallone, L. M., Proffitt, M. H., Margitan, J., Loewenstein, M., Podolske, J. R., Salawitch, R. J., Wofsy, S. C., Ko, M. K. W.,

Anderson, D. E., Schoeber, M. R., and Chan, K. R.: In situ measurements constraining the role of sulphate aerosols in mid-latitude ozone

depletion, Nature, 363, 509–514, https://doi.org/10.1038/363509a0, 1993.

Froh, J.: Entwicklung spektraler Messmethoden für Doppler-Lidar, Ph.D. thesis, Universität Rostock, Rostock,460

https://doi.org/10.18453/ROSDOK_ID00003422, 2021.

Fromm, M., Lindsey, D. T., Servranckx, R., Yue, G., Trickl, T., Sica, R., Doucet, P., and Godin-Beekmann, S.: The Untold Story of Pyrocu-

mulonimbus, Bulletin of the American Meteorological Society, 91, 1193–1210, https://doi.org/10.1175/2010BAMS3004.1, 2010.

Gelsthorpe, R., Toulemont, Y., Hélière, A., and Le Hors, L.: ATLID, the atmospheric lidar on board the Earthcare Satellite, in: International

Conference on Space Optics — ICSO 2012, edited by Armandillo, E., Karafolas, N., and Cugny, B., p. 81, SPIE, Ajaccio, Corsica, France,465

ISBN 978-1-5106-1617-2 978-1-5106-1618-9, https://doi.org/10.1117/12.2309095, 2017.

Hair, J. W., Hostetler, C. A., Cook, A. L., Harper, D. B., Ferrare, R. A., Mack, T. L., Welch, W., Izquierdo, L. R., and Hovis, F. E.: Airborne

High Spectral Resolution Lidar for profiling aerosol optical properties, Appl. Opt., 47, 6734–6752, https://doi.org/10.1364/AO.47.006734,

2008.

Höffner, J. and Lübken, F.-J.: Potassium lidar temperatures and densities in the mesopause region at Spitsbergen (78°N), Journal of Geo-470

physical Research, 112, https://doi.org/10.1029/2007jd008612, 2007.

Hunten, D. M., Turco, R. P., and Toon, O. B.: Smoke and dust particles of meteoric origin in the mesosphere and stratosphere, Journal of the

Atmospheric Sciences, 37, 1342–1357, https://doi.org/10.1175/1520-0469(1980)037<1342:SADPOM>2.0.CO;2, 1980.

Jaross, G., Bhartia, P. K., Chen, G., Kowitt, M., Haken, M., Chen, Z., Xu, P., Warner, J., and Kelly, T.: OMPS Limb Profiler instrument

performance assessment, Journal of Geophysical Research: Atmospheres, 119, 4399–4412, https://doi.org/10.1002/2013JD020482, 2014.475

18

https://doi.org/10.5194/egusphere-2026-675
Preprint. Discussion started: 16 March 2026
c© Author(s) 2026. CC BY 4.0 License.



Junge, C. E., Chagnon, C. W., and Manson, J. E.: Stratospheric aerosols, Journal of Meteorology, 18, 81–108, https://doi.org/10.1175/1520-

0469(1961)018<0081:SA>2.0.CO;2, 1961.

Klett, J. D.: Lidar inversion with variable backscatter/extinction ratios, Applied Optics, 24, 1638, https://doi.org/10.1364/AO.24.001638,

1985.

Knepp, T. N., Kovilakam, M., Thomason, L., and Miller, S. J.: Characterization of stratospheric particle size distribution uncertainties using480

SAGE II and SAGE III/ISS extinction spectra, Atmospheric Measurement Techniques, 17, 2025–2054, https://doi.org/10.5194/amt-17-

2025-2024, 2024.

Kremser, S., Thomason, L. W., von Hobe, M., Hermann, M., Deshler, T., Timmreck, C., Toohey, M., Stenke, A., Schwarz, J. P., Weigel, R.,

Fueglistaler, S., Prata, F. J., Vernier, J.-P., Schlager, H., Barnes, J. E., Antuña-Marrero, J.-C., Fairlie, D., Palm, M., Mahieu, E., Notholt,

J., Rex, M., Bingen, C., Vanhellemont, F., Bourassa, A., Plane, J. M. C., Klocke, D., Carn, S. A., Clarisse, L., Trickl, T., Neely, R., James,485

A. D., Rieger, L., Wilson, J. C., and Meland, B.: Stratospheric aerosol-Observations, processes, and impact on climate: Stratospheric

Aerosol, Reviews of Geophysics, 54, 278–335, https://doi.org/10.1002/2015RG000511, 2016.

Langenbach, A., Baumgarten, G., Fiedler, J., Lübken, F.-J., von Savigny, C., and Zalach, J.: Year-round stratospheric aerosol backscat-

ter ratios calculated from lidar measurements above northern Norway, Atmospheric Measurement Techniques, 12, 4065–4076,

https://doi.org/10.5194/amt-12-4065-2019, 2019.490

Leys, C., Ley, C., Klein, O., Bernard, P., and Licata, L.: Detecting outliers: Do not use standard deviation around the mean, use absolute

deviation around the median, Journal of Experimental Social Psychology, 49, 764–766, https://doi.org/10.1016/j.jesp.2013.03.013, 2013.

Löns, C., Eixmann, R., Pohl, C., Rozanov, A., and von Savigny, C.: Observations of stratospheric streamers and frozen-in anticyclones in

aerosol extinction, Atmospheric Chemistry and Physics, 25, 18 209–18 225, https://doi.org/10.5194/acp-25-18209-2025, 2025.

Lübken, F.-J. and Höffner, J.: VAHCOLI, a new concept for lidars: technical setup, science applications, and first measurements, Atmospheric495

Measurement Techniques, 14, 3815–3836, https://doi.org/10.5194/amt-14-3815-2021, 2021.

Measures, R. M.: Laser remote sensing: Fundamentals and applications, Wiley New York, ISBN 9780471081937, https://ui.adsabs.harvard.

edu/abs/1984wi...book.....M, 1984.

Mense, T., Höffner, J., Baumgarten, G., Eixmann, R., Froh, J., Mauer, A., Munk, A., Wing, R., and Lübken, F.-J.: 3D wind observations with

a compact mobile lidar based on tropo- and stratospheric aerosol backscatter, Atmospheric Measurement Techniques, 17, 1665–2024,500

https://doi.org/10.5194/amt-17-1665-2024, 2024.

Munk, A., Jungbluth, B., Strotkamp, M., Hoffmann, H.-D., Poprawe, R., Höffner, J., and Lübken, F.-J.: Diode-pumped alexan-

drite ring laser in single-longitudinal mode operation for atmospheric lidar measurements, Optics Express, 26, 14 928,

https://doi.org/10.1364/oe.26.014928, 2018.

Munk, A., Strotkamp, M., Jungbluth, B., Froh, J., Mense, T., Mauer, A., and Höffner, J.: Rugged diode-pumped Alexandrite laser as an505

emitter in a compact mobile lidar system for atmospheric measurements, Applied Optics, 60, 4668, https://doi.org/10.1364/ao.422634,

2021.

Munk, A., Scheuer, S., Strotkamp, M., Jungbluth, B., Froh, J., Mense, T., Mauer, A., and Höffner, J.: Energy-scaling of a diode-

pumped Alexandrite laser and prototype development for a compact general-purpose Doppler lidar, Appl. Opt., 62, 8732–8740,

https://doi.org/10.1364/AO.504567, 2023.510

Murphy, D. M., Abou-Ghanem, M., Cziczo, D. J., Froyd, K. D., Jacquot, J., Lawler, M. J., Maloney, C., Plane, J. M. C., Ross, M. N., Schill,

G. P., and Shen, X.: Metals from spacecraft reentry in stratospheric aerosol particles, Proceedings of the National Academy of Sciences,

120, e2313374 120, https://doi.org/10.1073/pnas.2313374120, 2023.

19

https://doi.org/10.5194/egusphere-2026-675
Preprint. Discussion started: 16 March 2026
c© Author(s) 2026. CC BY 4.0 License.



NASA/LARC/SD/ASDC: SAGE III/ISS L2 Solar Event Species Profiles (Native) V006, NASA Langley Atmospheric Science Data Center

DAAC [data set], https://doi.org/10.5067/ISS/SAGEIII/SOLAR_BINARY_L2-V6.0, retrieved: 30 September 2025, 2025.515

Plane, J. M. C.: Atmospheric Chemistry of Meteoric Metals, Chemical Reviews, 103, 4963–4984, https://doi.org/10.1021/cr0205309, 2003.

Plane, J. M. C.: Cosmic dust in the earth’s atmosphere, Chemical Society Reviews, 41, 6507, https://doi.org/10.1039/c2cs35132c, 2012.

Robock, A. and Mao, J.: The Volcanic Signal in Surface Temperature Observations, Journal of Climate, 8, 1086–1103,

https://doi.org/10.1175/1520-0442(1995)008<1086:TVSIST>2.0.CO;2, 1995.

Rosen, J. M.: The Boiling Point of Stratospheric Aerosols, Journal of Applied Meteorology, 10, 1044–1046, https://doi.org/10.1175/1520-520

0450(1971)010<1044:TBPOSA>2.0.CO;2, 1971.

Rozanov, A., Pohl, C., Arosio, C., Bourassa, A., Bramstedt, K., Malinina, E., Rieger, L., and Burrows, J. P.: Retrieval of stratospheric aerosol

extinction coefficients from sun-normalized Ozone Mapper and Profiler Suite Limb Profiler (OMPS-LP) measurements, Atmospheric

Measurement Techniques, 17, 6677–6695, https://doi.org/10.5194/amt-17-6677-2024, 2024.

SAGE III ATBD Team: SAGE III Algorithm Theoretical Basis Document (ATBD) Solar and Lunar Algorithm, Tech. Rep. LaRC 475-00-525

109 Version 2.1, Earth Observing System, https://eospso.gsfc.nasa.gov/sites/default/files/atbd/atbd-sage-solar-lunar.pdf, last access: 11

December 2025, 2002.

Schneider, J. and Eixmann, R.: Three years of routine Raman lidar measurements of tropospheric aerosols: Backscattering, extinction, and

residual layer height, Atmospheric Chemistry and Physics, 2, 313–323, https://doi.org/10.5194/acp-2-313-2002, 2002.

Shipley, S. T., Tracy, D. H., Eloranta, E. W., Trauger, J. T., Sroga, J. T., Roesler, F. L., and Weinman, J. A.: High spectral resolu-530

tion lidar to measure optical scattering properties of atmospheric aerosols. 1: Theory and instrumentation, Appl. Opt., 22, 3716–3724,

https://doi.org/10.1364/AO.22.003716, 1983.

Sroga, J. T., Eloranta, E. W., Shipley, S. T., Roesler, F. L., and Tryon, P. J.: High spectral resolution lidar to measure optical scattering

properties of atmospheric aerosols. 2: Calibration and data analysis, Appl. Opt., 22, 3725–3732, https://doi.org/10.1364/AO.22.003725,

1983.535

Stoffelen, A., Pailleux, J., Källén, E., Vaughan, J. M., Isaksen, L., Flamant, P., Wergen, W., Andersson, E., Schyberg, H., Culoma, A.,

Meynart, R., Endemann, M., and Ingmann, P.: The Atmospheric Dynamics Mission for Global Wind Field Measurement, Bulletin of the

American Meteorological Society, 86, 73–88, https://doi.org/10.1175/BAMS-86-1-73, 2005.

Strotkamp, M., Witte, U., Munk, A., Hartung, A., Gausmann, S., Hengesbach, S., Traub, M., Hoffmann, H.-D., Hoeffner, J., and Jungbluth,

B.: Broadly tunable, diode pumped Alexandrite laser, in: Advanced Solid-State Lasers Congress, ASSL, pp. ATu3A–42, Optica Publishing540

Group, OSA, https://doi.org/10.1364/assl.2013.atu3a.42, 2013.

Taha, G. and Loughman, R.: OMPS-NPP L2 LP Aerosol Extinction Vertical Profile swath daily 3slit V2, NASA Goddard Earth Sciences

Data and Information Services Center [data set], https://doi.org/10.5067/CX2B9NW6FI27, retrieved: 29 September 2025, 2020.

Taha, G., Loughman, R., Zhu, T., Thomason, L., Kar, J., Rieger, L., and Bourassa, A.: OMPS LP Version 2.0 multi-wavelength aerosol

extinction coefficient retrieval algorithm, Atmospheric Measurement Techniques, 14, 1015–1036, https://doi.org/10.5194/amt-14-1015-545

2021, 2021.

Thomason, L. W., Moore, J. R., Pitts, M. C., Zawodny, J. M., and Chiou, E. W.: An evaluation of the SAGE III version 4 aerosol extinction

coefficient and water vapor data products, Atmospheric Chemistry and Physics, 10, 2159–2173, https://doi.org/10.5194/acp-10-2159-

2010, 2010.

von Savigny, C. and Hoffmann, C. G.: Issues related to the retrieval of stratospheric-aerosol particle size information based on optical550

measurements, Atmospheric Measurement Techniques, 13, 1909–1920, https://doi.org/10.5194/amt-13-1909-2020, 2020.

20

https://doi.org/10.5194/egusphere-2026-675
Preprint. Discussion started: 16 March 2026
c© Author(s) 2026. CC BY 4.0 License.



von Savigny, C., Ernst, F., Rozanov, A., Hommel, R., Eichmann, K.-U., Rozanov, V., Burrows, J. P., and Thomason, L. W.: Improved

stratospheric aerosol extinction profiles from SCIAMACHY: validation and sample results, Atmospheric Measurement Techniques, 8,

5223–5235, https://doi.org/10.5194/amt-8-5223-2015, 2015.

von Zahn, U. and Höffner, J.: Mesopause temperature profiling by potassium lidar, Geophysical Research Letters, 23, 141–144,555

https://doi.org/10.1029/95gl03688, 1996.

Wehr, T., Kubota, T., Tzeremes, G., Wallace, K., Nakatsuka, H., Ohno, Y., Koopman, R., Rusli, S., Kikuchi, M., Eisinger, M., Tanaka, T.,

Taga, M., Deghaye, P., Tomita, E., and Bernaerts, D.: The EarthCARE mission – science and system overview, Atmospheric Measurement

Techniques, 16, 3581–3608, https://doi.org/10.5194/amt-16-3581-2023, 2023.

Wrana, F., Deshler, T., Löns, C., Thomason, L. W., and von Savigny, C.: Spatiotemporal variations of stratospheric aerosol size between 2002560

and 2005 from measurements with SAGE III/M3M, Atmospheric Chemistry and Physics, 25, 3717–3736, https://doi.org/10.5194/acp-25-

3717-2025, 2025.

21

https://doi.org/10.5194/egusphere-2026-675
Preprint. Discussion started: 16 March 2026
c© Author(s) 2026. CC BY 4.0 License.


