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Forest albedo in the context of different cloud situations derived

from irradiance measurements at the Leipzig floodplain crane - A

pilot study

Schäfer, M.1,�, Jha, S. S.1, Ehrlich, A.1, Jäkel, E.1, Thoböll, J.1

Wendisch, M.1

1 Leipzig Institute for Meteorology, University of Leipzig, Leipzig, Germany
�e-mail: michael.schaefer@uni-leipzig.de

Summary: The surface albedo significantly modulates the atmospheric energy budget
and, thus, vertical radiation, energy, and mass fluxes. Therefore, it regulates the local
and regional effects of climate warming. Over a forest canopy, the surface albedo mainly
depends on the seasonal leaf state. Furthermore, for certain surface types, such as snow,
it has been shown that the surface albedo changes as a function of cloudiness. A similar
effect is expected over forest surfaces, leading to complex feedback loops between forest
surfaces and climate. To investigate these processes, a pilot study was performed at the
Leipzig floodplain crane to observe the forest canopy albedo under different atmospheric
conditions in 2021. First analyses revealed a dependency of the forest albedo from the
cloud state, which is slightly stronger in the near-infrared wavelength range compared to
the visible wavelength range.

Zusammenfassung: Der atmosphärische Strahlungshaushalt und damit auch die ver-
tikale Strahlungsverteilung, Energie- und Massenflüsse werden signifikant durch die
Bodenalbedo gesteuert. Diese regulieren somit lokale und regionale Effekte der Kli-
maerwärmung. Über einem Wald hängt die Bodenalbedo hauptsächlich vom saisonalen
Blattstatus ab. Zudem wurde für bestimmte Bodentypen wie Schneeoberflächen gezeigt,
dass die Bodenalbedo eine Funktion der Bewölkung ist. Ähnlicher Effekte werden für
Waldoberflächen erwartet, welche zu komplexen Rückkopplungseffekten zwischen Wal-
doberflächen und dem Klima führen. Um diese Prozesse zu untersuchen wurde im Jahr
2021 eine Vorstudie am Leipziger Auwaldkran durchgeführt, um die Waldalbedo unter
verschiedenen atmosphärischen Bedingungen zu beobachten. Erste Analysen zeigen,
dass auch die Albedo des Waldes von den Bewölkungsbedingungen abhängt. Der Ef-
fekt ist dabei etwas stärker im nah-infrarotem als im sichtbaren Wellenlängenbereich zu
beobachten.

1 Introduction

The surface albedo strongly modulates the atmospheric energy budget and, thus, vertical
radiation, energy, and mass fluxes. Therefore, it can regulate the local and regional
effects of climate warming (e.g. Davin et al., 2014; Kala and Hirsch, 2020). Over
a forest canopy, the surface albedo mainly depends on the leaf state, which changes with
meteorological seasons. However, also extreme weather conditions such as droughts or
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floods influence the leaf state (leaf orientation, e.g., Yanagy and Costa, 2011), the aerosol
production (e.g., BVOC emissions, Mentel et al., 2013) and, therefore, the surface albedo
on a shorter time scale, which in turn feeds back to the energy budget.

Furthermore, for certain surface types, such as snow, it has been shown that the surface
albedo changes as a function of cloudiness (Gardner and Sharp, 2010; Stapf et al., 2020).
This is important because the modification of the spectral distribution of solar irradiance
by clouds can significantly modify the broadband albedo (Gardner and Sharp, 2010). An
increased liquid water path in the atmosphere leads to higher absorption of the downward
irradiance in the near-infrared wavelength range, which results in an increased surface
broadband albedo. Furthermore, in case of clouds, the direct and diffuse components of
the downward irradiance are redistributed to a predominant diffuse component, which
further increases the potential for absorption within the near-infrared wavelength range
insight clouds. If a similar effect could be demonstrated over forest surfaces, potential
feedback loops between forest surfaces and climate would be much more complex.

Assuming, a future climate will be characterized by an increased number of extreme
events with longer periods of either cloud-free or cloudy conditions (droughts, extended
winter inversion), these differences of the surface albedo are key to better understand
possible feedbacks on the local energy budget and vertical exchange of energy, mass,
and momentum. Such feedbacks may buffer or even amplify the stable meteorological
conditions of extreme periods. However, forests may directly react on extreme weather
events by a changing forest-canopy albedo, which needs to be decoupled from the
cloud-albedo effect. Furthermore, forest reactions like pollen expectoration, biogenic
emissions, and new particle formation are expected in such cases. Depending on the
energy budget, turbulent mass fluxes will then redistribute the biogenic aerosol and
lead to an exchange with the boundary layer above the canopy where aerosol particles
may become relevant as cloud condensation nuclei, which opens another biogenic-
atmospheric feedback mechanism.

To investigate if similar effects can be found over a forest like it is discussed by
Gardner and Sharp (2010) or Stapf et al. (2020) for Arctic conditions, a pilot study has
been performed at the Leipzig floodplain crane in the summer of 2021 to observe the
forest albedo under different atmospheric conditions. Spectral irradiance measurements
have been obtained at a fixed location at the top of the crane from which the spectral
albedo was derived. The cloudiness was characterized by daily observations.

Here, we will give a brief introduction of the pilot study, including descriptions
of the measurement site and instrumentation in Sect. 2. Preliminary results from the
measurements are discussed in Sect. 3. Subsequently, the potential of this instrument
setup to study albedo-vegetation interactions will be evaluated and used to identify gaps
in the instrumentation, which have to be filled in future studies.

2 Measurement site and instrumentation

2.1 Leipzig floodplain crane

The following information within this section on the history and specifications of the
Leipzig floodplain crane are taken from https://www.auwaldstation.de. The Leipzig
floodplain crane (Ger. Leipziger Auwaldkran, LAK) was installed under supervision
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Fig. 1: (a) Photo of the Leipzig floodplain crane taken on 29 April 2021. (b)

Overview of the distribution and size of the different species in the area that
can be reached by the gondola of the Leipzig floodplain crane. Graphic by
Ronny Richter, iDIV, https://www.auwaldstation.de/projekte/beobachtungsplattform/der-
leipziger-auwaldkran-und-aktuelle-baumkronenforschung/.

of Prof. Wilfried Morawetz in March 2001. It is located within the Leipzig flood-
plain north-west of Leipzig, slightly south-west of the Leipzig Auensee at 51.36° N and
12.31° E. After a heavy damage during the century flood in the year 2013, it was re-
constructed by the research center iDiv of the German Research Foundation (Deutsche
Forschungsgemeinschaft, DFG) under supervision of Prof. Christian Wirth. Figure 1a
shows a recent photo of the Leipzig floodplaine crane taken on 29 April 2021.

The floodplaine crane reaches 40 m in altitude with a 45 m long crane boom. A gondola
is installed at the crane boom to reach the tree tops. The crane itself is installed on rails
and can be moved along a horizontal distance of about 120 m. Therefore, tree tops in
an oval area of 210 m length and 90 m width can be reached. This includes 800 trees of
different species. Figure 1b shows an overview of the distribution and size of the different
species in the area that can be reached by the gondola. These species include the common
ash (Fraxinus excelsior), the pedunculate oak (Quercus robur), sycamore maple (Acer
pseudoplatanus), Norway maple (Acer platanoides), small-leaved lime (Tilia cordata),
and hornbeam (Carpinus betulus).

2.2 Spectral irradiance measurement system

To investigate the spectral albedo at the Leipzig floodplain crane it is planned to develop
a new measurement system including measurements of the up-and downward spectral
irradiance in the visible and near-infrared wavelength range and measurements of the
broadband up- and downward irradiance in the solar and terrestrial wavelength range.
The system shall be completed by an all-sky imager.

However, to clarify the needs for such a new measurement system with respect to, e.g.,
sensitivity, power consumption, or installation, the pilot study was performed with the
existing COmpact RAdiation Measurement System (CORAS, Brückner et al., 2014),
which initially was designed for non-autonomous field studies.
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First analysis reveal a similar behaviour of the forest canopy albedo like it was described
by Gardner and Sharp (2010) or Stapf et al. (2020) for Arctic surfaces; an increasing
cloudiness leads to a higher surface albedo compared to the cloud-free state. For the
measurements at the Leipzig floodplain crane this was demonstrated by comparing albedo
spectra of both cases; cloud-free and cloudy conditions. Furthermore, it was shown that
the time series of the forest canopy albedo and cloud fraction hints to such a dependency,
although the variations in the forest canopy albedo need to be disentangled from seasonal
variations.

However, the findings within this study are based on a preliminary analysis using
a dataset with only one hour measurement time per day. A more comprehensive data set
including complementary measurements to characterize cloud properties are required to
quantify the interaction between clouds and vegetation. It needs to be a system, which
covers a full daily cycle of irradiance measurements with high temporal resolution. Fur-
thermore, the system must be able to automatically record the state of cloudiness in
parallel and to allow the retrieval of the cloud microphysical properties from measure-
ments of the transmitted radiation. Such a new system is currently in planning and might
be operational by the end of 2022. As soon as it is established the continuously gathered
data will allow to parameterize the forest canopy albedo as a function of the cloud state.

Acknowledgements: Special thanks to Ronny Richter, Tom Künne, and Julia Behrens
for their always great support at the measurement site.
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The DACAPO-PESO campaign: Dynamics, Aerosol, Cloud and

Precipitation Observations in the Pristine Environment of the

Southern Ocean – an overview
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3 University of Magallanes, Atmospheric Research Laboratory LIA-UMAG, Punta Are-
nas, Chile
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Summary: This article gives an overview of the DACAPO-PESO field experiment,
which has taken place in Punta Arenas, Chile, from November 2018 to November 2021,
and showcases first exciting research results that have already emerged from it.

Zusammenfassung: In diesem Artikel wird ein Überblick über das DACAPO-PESO
Experiment gegeben, welches von November 2018 bis November 2021 in Punta Are-
nas, Chile, stattgefunden hat. Außerdem werden erste spannende Forschungsergebnisse
vorgestellt, die bereits daraus gewonnen wurden.

1 Introduction

Punta Arenas, Chile (53◦S, 71◦W), is located at the southern tip of South America, in
the Southern hemispheric mid-latitudinal west wind zone (Fig. 1). With the nearest
landmasses (New Zealand) having a distance of roughly 8,000 km towards the direc-
tion of the prevailing Westerly winds, the aerosol conditions are dominated by clean
Pacific Ocean air masses. Therefore, Punta Arenas as a clean and pristine place in all
atmospheric heights is especially well-suited for comparison of atmospheric processes
in more aerosol-polluted places in the Northern Hemisphere.
Furthermore, given the general lack of high-quality long-term ground-based remote sens-
ing observations of aerosols and clouds in this region, mainly due to the absence of sub-
stantial land masses below 40◦S latitude, measurements in the Southern mid-latitudes are
extremely useful for better understanding aerosol-cloud-precipitation interactions. For
example, the Southern midlatitudes and Sub-Antarctica are a region of large uncertain-
ties in estimates of cloud properties in global climate models, because the supercooled
liquid water (SLW) content is underestimated, causing shortwave radiation biases (e.g.
Kay et al., 2016). Increasing the SLW content in the models improves these biases, but
the reason why parameterizations valid for the Northern Hemisphere are seemingly not
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September 2019, LACROS was enhanced by a 94-GHz Doppler radar of University
of Leipzig. A picture of the site can be seen in Fig. 1. In addition, the TROPOS
mobile radiation observatory (MORDOR; https://www.tropos.de/en/research/projects-
infrastructures-technology/technology-at-tropos/remote-sensing/radiation-measurement-
station-bsrn last access: 2022-04-29) performed radiation measurements during the
LACROS deployment. The global horizontal irradiance (GHI), diffuse horzontal ir-
radiance (DHI) and direct horizontal irradiance (DNI) were measured with Class A
instruments of the type MS-80 (pyranometer) and MS-56 (pyrheliometer), respectively,
from the manufacturer EKO Instruments. The measurement uncertainty under clear skies
for this class of pyranometers and pyrheliometers was about 2 % (Fountoulakis et al.,
2021).
In-situ aerosol instrumentation was installed on the 620-m high peak of Cerror Mirador
mountain, 10 km upwind of the LACROS site. At Cerror Mirardor, particle number size
distributions in the range from 10 nm to 10 `m were measured using a TROPOS-type mo-
bility particle size spectrometer (MPSS) Wiedensohler et al., 2012 and an aerodynamic
particle sizer. Cloud condensation nuclei (CCN) number concentrations at supersatu-
rations (SS) of 0.1 %, 0.2 %, 0.3 %, 0.5 %, and 0.7 % are measured utilizing a CCN
counter. In addition, filter samples were collected from 8 May 2019 to 11 March 2020.
These filter samples were used for subsequent laboratory measurements of INPs (see
Gong et al., 2022 for details).

3 Research highlights

3.1 Evaluation of the Aeolus winds at Punta Arenas using scanning Doppler cloud

radar and radio soundings

Aeolus is an Earth Explorer mission of the European Space Agency and aims to measure
vertically resolved wind profiles of one wind component (mainly west-east direction)
with the goal to improve numerical weather prediction. It is the first European satellite
mission having a lidar on-board and the first space mission ever utilizing a HSRL Doppler
lidar. Thus, intensive validation efforts are needed – especially in remote places like in
Southern South America.
Next to many other instruments, the scanning Doppler cloud radar MIRA-35 was de-
ployed as part of LACROS during DACAPO-PESO. After intensive algorithm devel-
opment, horizontal winds could be derived from the Velocity-Azimuth-Display (VAD)
cloud radar scans performed every 60 minutes in cloudy regions above the measurement
site as schematically shown in Fig. 2. These wind products could then be used to vali-
date the Aeolus wind products during the two weekly overpasses and delivered valuable
input for the algorithm and instrument developers of Aeolus. The wind profiles for the
overpass indicated in Fig. 2 are shown in Fig. 3. Furthermore, occasional radiosondes
have been launched once a week since the beginning of 2020 for the direct evaluation of
Aeolus winds and to cross-check the radar-derived horizontal winds. From Fig. 3. one
can see that a good agreement between the observations is found at the top of the cloud
layer and in the local boundary layer showing the great capabilities of Aeolus. For some
atmospheric regions in clear sky, for which also no ground-based Doppler observations
and no Aeolus Mie winds are available, sporadic offsets of the Aeolus Rayleigh winds in
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Figure 4: Overview of Polly XT observations of the UTLS smoke layers (colored bars
from layer base to top, one bar per day) from 15 November 2019 to 15 November 2021.
Black ellipses indicate the smoke layers showing a fast ascent.

polarization Raman lidar Polly-XT, which is part of LACROS, was used to monitor this
major record-breaking event until the end of 2021. A unique dynamical feature, an an-
ticyclonic, smoke-filled vortex with 1000 km horizontal width and 5 km vertical extent,
which ascended by about 500 m per day, was observed over the full last week of January
2020. The key results of the long-term study are as follows: The smoke layers extended,
on average, from 9 to 24 km in height. The smoke partly ascended to more than 30 km
height as a result of self-lifting processes. Clear signs of a smoke impact on the record-
breaking ozone hole over Antarctica in September–November 2020 were found. A slow
decay of the stratospheric perturbation detected by means of the 532 nm aerosol optical
thickness (AOT) yielded an e-folding decay time of 19–20 months. The maximum upper
tropospheric lower stratospheric (UTLS) smoke AOT was around 1.0 over Punta Are-
nas in January 2020 and thus two to three orders of magnitude above the stratospheric
aerosol background of 0.005. After two months with strongly varying smoke conditions,
the 532 nm UTLS AOT decreased to 0.03–0.06 from March–December 2020 and to
0.015–0.03 throughout 2021. The particle extinction coefficients were in the range of
10–75 Mm−1 in January 2020, and later on mostly between 1 and 5 Mm−1 (Fig. 4).
Combined lidar-photometer retrievals revealed typical smoke extinction-to-backscatter
ratios of 69 ± 19 sr (at 355 nm), 91 ± 17 sr (at 532 nm), and 120 ± 22 sr (at 1064
nm). An ozone reduction of 20–25 % in the 15–22 km height range was observed over
Antarctic and New Zealand-based ozonesonde stations in the smoke-polluted air. This
smoke-ozone anti-correlation was potentially caused by an enhanced formation of ozone-
depleting polar stratospheric clouds on the additional smoke-related particle surface area
of 1-5 `m2 cm−3.

3.4 Ground-based aerosol characterization, including CCN at Cerror Mirardor

In order to gain knowledge on the annual cycle of aerosol particle and CCN number
concentrations and the hypothesized seasonality of their sources, long-term in-situ ob-
servations at Cerra Mirardor mountain station were carried out. These measurements
are also of values for ground truthing the remote sensing observations and retrievals.
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3.5 A strong continental source of ice-nucleating particles (INPs) at Cerror Mirar-

dor

Figure 6: Spectra of INP concentrations for all examined samples are shown, with the
color coding indicating that there were high and low values throughout the year. The
gray background shows typical midlatitude continental concentrations, while the blue
dots show typical data from the Southern Ocean (SO), free of continental sources.

INP are important as they are responsible for the formation of primary ice in clouds, and
with this they influence cloud radiative processes and the formation or precipitation. To
obtain INP concentrations, filter samples were collected at Cerro Mirador, and evaluated
off-line at TROPOS, using well proven cold-stages (Gong et al., 2022). At the Cerror
Mirardor mountain station, Gong et al. (2022) found unexpectedly high INP number
concentrations, comparable to typical continental values, without an annual cycle, but
with the typically observed high variability over roughly two orders of magnitude at any
freezing temperature (Fig. 6). A large fraction of > 80 % (median value) of all INP was
biogenic in nature (for freezing temperatures above -16 °C). An INP parameterization
developed for a forest ecosystem (Tobo et al., 2013) was best able to describe the
measured data, with 50 % of the predicted INP concentrations within a factor of two of
the measured values, but further large deviations of roughly up to plus or minus one order
of magnitude. In order to find an explanation for times with high INP concentrations, a
range of parameters was investigated, including aerosol parameters and meteorological
conditions and air mass back-trajectories. Precipitation was the only parameter which
might explain the presence of high INP concentrations because rain drops can disperse
bio-aerosol from the soil and from plants into the atmosphere. A comparison with lidar
data from the boundary layer showed that particle number concentrations for particles
with diameters larger than 500 nm agreed well when continental conditions were assumed
in the lidar retrieval. This in turn means that reasonable INP concentrations for the
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boundary layer may be obtained based on these lidar data and the above mentioned INP
parameterization.

3.6 Hemispheric contrasts in stratiform mixed-phase cloud properties observed

with LACROS

Figure 7: (a) Fraction of clouds containing ice at a given cloud-top temperature for three
different locations: Leipzig (green), Limassol (orange) and Punta Arenas (blue). Only
free-tropospheric and turbulent clouds are shown after filtering out gravity wave clouds
and boundary layer coupling. (b) Estimated profiles of INP concentrations based on
averaged lidar optical data, airmass source and well-established INP parameterizations.
At Punta Arenas (blue), the strong increase of INP concentrations for T warmer than
-10◦ C is related to high boundary layer aerosol concentrations.

The synergistic Cloudnet dataset obtained from the multi-year LACROS observations
at Punta Arenas is used to investigate hemispheric contrasts of ice formation in super-
cooled stratiform clouds. At Punta Arenas, the fraction of ice-containing clouds for a
given cloud-top temperature was found to be lower than at two Northern Hemispheric
stations (Leipzig, Germany and Limassol, Cyprus) as shown in Fig 7. The low frequency
of ice-forming clouds at Punta Arenas at temperatures colder than -15◦ C can in part be
related to orographic gravitiy waves, which create areas of persistent saturation with
respect to liquid in the updraft regions. Ice crystals in turn are only observable in the
downwind regions. These wave clouds could be identified using the autocorrelation
function of the vertical air velocity within the clouds (Radenz et al., 2021). Wave-
driven clouds were identified in 30 % of all considered clouds colder than -15◦ C for the
DACAPO-PESO data set. Furthermore, a correlation was found between the surface-
coupling of the cloud and the occurrence of ice formation: If a cloud was coupled to the
aerosol-laden boundary layer, the probability of ice formation was higher by a fraction
of 0.3 to 0.4. Still, even if both gravity wave and boundary layer effects were taken into
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Detecting and quantifying riming using ground-based cloud radar observations is of
great interest, and the data set acquired during DACAPO-PESO was used to develop
and test a method that works even in orographically influenced cloud systems: Artificial
neural networks (ANNs) were used to predict riming using ground-based zenith-pointing
cloud radar variables as input features. More details on the method can be found in Vogl
et al. (2022).
Fig. 9 shows a case study observed on 21 February 2019. A precipitating cloud system
with cloud top around 2.5 to 3 km is present from around 15 to 18 UTC. Above, a mid-
level cloud with top around 6 km and varying cloud base is observed. At 16:30 UTC,
marked by the red cross in Fig. 9, graupel particles were observed at the ground on-
site. The predicted rime mass fraction FR�## maximum is reached around 16:30 UTC,
coinciding with the observation of graupel particles. This signal is persistent even if
observation points with high turbulent eddy dissipation rate, which masks fingerprints
of riming in the cloud radar observations, are excluded.

3.9 Development of a new method to derive the vertical distribution of particle

shape

Advancement of the understanding of mixed-phase clouds requires knowledge of mi-
crophysical ice growth processes. The transition from pristine to aggregated or rimed
particles is a key process in the growth of hydrometeors. A new approach was developed
by Teisseire et al. (2022) that uses polarimetric variables from the scanning polarimetric
cloud radar MIRA-35, which is part of LACROS, in the 45◦ slated linear depolarization
configuration, to derive the vertical distribution of particle shape (VDPS) between top
and base of mixed-phase cloud systems.
The polarimetric parameter SLDR was selected for this study due to its strong sensitivity
to shape and low sensitivity to the wobbling effect of particles at different antenna eleva-
tion angles. For the VDPS method, elevation scans from 90◦ to 30◦ elevation angle were
deployed to estimate the vertical profile of the particle shape by means of the polarizabil-
ity ratio, which is a measure of the density-weighted axis ratio. Results were obtained by
retrieving the best fit between observed SLDR-vs-elevation dependencies and respected
values simulated with a spheroid scattering model. The applicability of the new method
is demonstrated by case studies of isometric, columnar and oblate hydrometeor shapes,
which were obtained from measurements during DACAPO-PESO at Punta Arenas. The
identified hydrometeor shapes are demonstrated to fit well to the cloud and thermo-
dynamic conditions which prevailed at the times of observations. The VDPS results
reveal that the shape gradient ranges in general from a pristine columnar or dendritic
state at cloud top toward a more isometric shape at cloud base. Either aggregation or
riming processes contribute to this vertical change of microphysical properties. The new
height-resolved identification of hydrometeor shape and its gradient is a helpful tool to
understand complex processes such as riming or aggregation, which occur particularly
in mixed-phase clouds.
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4 Summary and conclusions

The DACAPO-PESO data set offers the great opportunity to comprehensibly study
aerosol-cloud-precipitation interactions in a unique location in the Southern hemispheric
mid-latitudes. As shown, many exciting research results have already been published
or are well on the way to be published soon. The following studies were conducted.
During DACAPO-PESO, lofted layers of long-range transported smoke were occasionally
observed in the clean free troposphere of Punta Arenas. In this study, two events of smoke
originating from regional sources in South America and from Australia were captured
by the PollyXT lidar and discussed in detail. The in-situ aerosol measurements revealed
a strong seasonal cycle (ratio winter/summer 1/10) with in general significantly lower
values compared to middle Europe. Continental biological aerosol, the aerosolization of
which is most likely driven by raindrops, is the main source of highly ice active INPs in
the southernmost Patagonia regions. Regarding contrasts in shallow supercooled clouds,
a frequently occurring liquid-only clouds could be attributed to updrafts in gravity waves.
When excluding these clouds, a slightly higher frequency of ice-containing clouds in the
northern hemisphere can be linked to a higher abundance of ice-nucleating particles.
Finally, we show that machine learning techniques can be used to improve current state-
of-the-art multi-sensor remote-sensing retrievals in determining the amount and location
of mixed-phase cloud volumes and are well suited to retrieve the rime mass fraction form
Doppler radar data.
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Summary: The ionospheric peak electron density NmF2, simulated with the Coupled
Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe) model was used to
study the ionospheric response to solar flux in years of low (2008) and high (2013)
solar activity. The CTIPe NmF2 was compared to the Whole Atmosphere Community
Climate Model with Thermosphere and Ionosphere Extension (WACCM-X) and the
Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC)
NmF2 in March and July of 2008 and 2013. The comparison shows that the CTIPe NmF2
is lower than the COSMIC and WACCM-X NmF2. Both models successfully reproduce
the semi-annual variations seen in the COSMIC observations. Analysis of the 27-day
variations of the CTIPe NmF2 shows that the midnight NmF2 deviations are stronger
than the midday deviations. In addition, at low solar activity, the 27-day variations of
NmF2 are larger in the Southern Hemisphere, while at high solar activity, the 27-day
variations of NmF2 are larger at the equator and in the Northern Hemisphere.

An ionospheric delay was estimated with CTIPe simulated NmF2 at the 27-day solar
rotation period during low and high solar activity. During low (high) solar activity, an
ionospheric delay of about 12 (34) hours is predicted indicating an increasing ionospheric
delay with solar activity.

Zusammenfassung: Die maximale ionosphärische Elektronendichte NmF2, die mit
dem Coupled Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe) Mod-
ell simuliert wurde, wurde zur Untersuchung der ionosphärischen Reaktion in Jahren
mit geringer (2008) und hoher (2013) Sonnenaktivität verwendet. CTIPe vorherge-
sagte NmF2 wurde mit derjenigen des Whole Atmosphere Community Climate Model
with Thermosphere and Ionosphere Extension (WACCM-X) und Messwerten des Con-
stellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) im
März und Juli der Jahre 2008 und 2013 verglichen. Der Vergleich zeigt, dass NmF2
aus CTIPe geringer ist als das COSMIC gemessene und von WACCM-X simulierte.
Beide Modelle reproduzieren erfolgreich die von COSMIC beobachteten halbjährlichen
Schwankungen. Die Analyse der 27-tägigen Schwankungen des CTIPe NmF2 zeigt,
dass die mitternächtlichen NMF2-Abweichungen stärker sind als diejenigen am Mittag.
Außerdem sind bei geringer Sonnenaktivität die 27-Tage-Abweichungen von NmF2 in der
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Südhemisphäre größer, während bei hoher Sonnenaktivität die 27-Tage-Abweichungen
von NmF2 am Äquator und in der Nordhemisphäre größer sind.

Die ionosphärische Verzögerung während geringer und hoher Sonnenaktivität wurde
für die 27-tägige Sonnenrotation mit CTIPe simuliert. Bei geringer (hoher) Sonnenak-
tivität wird eine ionosphärische Verzögerung von etwa 12 (34) Stunden beobachtet, was
auf eine zunehmende ionosphärische Verzögerung mit zunehmender Sonnenaktivität
hinweist.

1 Introduction

The thermospheric and ionospheric parameters, in particular the total electron content
(TEC) and the peak electron density of the F2 region (NmF2), are mainly controlled
by transport processes, photoionization and photodissociation of the main species $,
$2 and #2 and depend on the intensity of incident extreme ultraviolet (EUV) and UV
radiation from the Sun on various time scales, including the well-understood period of
quasi-solar rotation (SR) and the 11-year solar cycle (SC) or longer (e.g. Jakowski et al.,
1991; Afraimovich et al., 2008; Liu and Chen, 2009; Chen et al., 2015). Variations
in solar irradiance are observed by satellites, and they have significant implications for
the peformance of global navigation satellite systems (GNSS) and satellite communica-
tions. Therefore, it is important to characterise the influence of solar radiation on the
thermosphere-ionosphere region. EUV can vary by more than a factor of 2 between solar
minimum and maximum.

Since continuous observations of the whole EUV spectrum were not available prior
to the TIMED/SEE mission starting in 2002 (Woods et al., 2000), solar EUV proxies,
e.g., the F10.7 solar radio flux at 10.7 cm (Tapping, 2013) and Mg-II index, are used to
represent solar activity.

The 27-day variations in solar flux are significantly modulated and amplified at higher
solar activity compared to low solar activity, leading to a corresponding modulation in
the thermosphere/ionosphere system (Kutiev et al., 2013).

The 27-day variations in solar and geomagnetic activity contribute significantly to the
27-day variations in the NmF2. However, the role of geomagnetic activity is complex.
Ma et al. (2012) have studied the 27-day variations of NmF2 in detail using ionosonde
observations. They show that the 27-day variations of solar irradiance and geomagnetic
activity caused by the solar rotation are the main factors for the 27-day variations of the
ionosphere. Apart from solar activity and geomagnetic activity, the 27-day variations
in the lower ionosphere (D region), especially in winter when solar activity is low, are
due to lower atmospheric influences (planetary waves) (Pancheva et al., 1991). But
the D region contributes only weakly to the ionospheric electron density. There is a
considerable influence of lower atmosphere waves (planetary waves, tides, and gravity
waves) on the entire ionosphere, including TEC and NmF2. These effects are more
prominent during solar maximum. In this article we focus on the fluctuations of NmF2
under different solar activity.

The relationship between solar flux and ionospheric parameters is important for mon-
itoring and modeling solar variability in particular with respect to space weather appli-
cations, and has been studied by many researchers (e.g. Kane, 1992; Rishbeth, 1998;
Forbes et al., 2000; Oinats et al., 2008; Astafyeva et al., 2008; Min et al., 2009; Ma
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et al., 2012). An ionospheric lag of about 17 hours to 2 days in thermosphere-ionosphere
parameters such as NmF2, TEC, temperature, and neutral densities with respect to solar
EUV flux measurements and EUV proxies (e.g., F10.7 index, Mg-II index, etc.) has been
extensively reported by various authors (e.g. Jakowski et al., 1991; Afraimovich et al.,
2008; Liu and Chen, 2009; Unglaub et al., 2012; Chen et al., 2015; Jacobi et al., 2016;
Vaishnav et al., 2019, 2021b; Schmölter et al., 2018, 2020, 2021, 2022; Ren et al., 2018,
2019, see also references therein), and it was reported that this lag may vary with solar
activity and season.

The physical mechanism of ionospheric delay in TEC and neutrals against solar flux
has been studied by several authors (e.g. Jakowski et al., 1991; Vaishnav et al., 2021a,
2022; Ren et al., 2018; Schmölter et al., 2022) by using numerical physics-based models
such as the Coupled Thermosphere Ionosphere Plasmasphere electrodynamics (CTIPe,
Fuller-Rowell and Rees, 1980) model, or the Thermosphere Ionosphere Electrodynamics-
General Circulation Model (TIE-GCM, Richmond et al., 1992). The delay in the iono-
sphere is mainly due to the difference in response times between quasi-instantaneous
ionization and slower recombination in the ionospheric F region (Ren et al., 2018). In
addition, eddy diffusion, electrodynamics, and lower atmospheric forcings also influence
the ionospheric delay (Vaishnav et al., 2021a). In addition to solar activity, geomagnetic
activity may also play an important role in the ionospheric delay (Schmölter et al., 2020).

The present study aims to investigate the effects of 27-day variations in the peak
electron density of the F2 region and solar and geomagnetic parameters in years of low
(2008) and high (2013) solar activity. We also investigate an ionospheric delay in NmF2
during various solar activity conditions under ideal atmospheric conditions. In Section 2,
we present our data sources, and the CTIPe model used for the analyses. In Section 3, we
examine the 27-day variability of solar activity, geomagnetic activity, and NmF2, as well
as the ionospheric delay under different solar activity conditions. Section 4 concludes
the paper.

2 Data and model description

2.1 Data sources

The F10.7 solar radio flux is one of the most commonly used indices of solar activity
(Tapping, 2013). We use the daily values of the F10.7 index. The F10.7 index values
are available in the LISIRD database (Dewolfe et al., 2010). In addition, as a measure of
geomagnetic activity, we used the daily Ap indices from the OMNIWeb Plus database
(https://omniweb.gsfc.nasa.gov/, NASA, 2022).

2.2 FORMOSAT-3/COSMIC

The Constellation Observing System for Meteorology, Ionosphere, and Climate/Formosa
Satellite Mission 3 (COSMIC/FORMOSAT-3, hereafter COSMIC) was a joint Tai-
wan U.S. occultation satellite mission, a constellation of six microsatellites launched
on April 2006, initially in 500 km orbit and later in 800 km orbit and at an
inclination of 72◦ (Anthes et al., 2008). COSMIC provides neutral and iono-
spheric parameters via the COSMIC Data Analysis and Archive Center (CDAAC).
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In this study, electron density profiles (ionPrf) for 2008 and 2013 have been used
(http://cdaacwww.cosmic.ucar.edu/cdaac/rest/tarservice/data/cosmic2013/ionPrf).

2.3 CTIPe model

The CTIPe model is a global, time-dependent model of the upper atmosphere that
self-consistently solves the primitive continuity, momentum, and energy equations to
calculate wind components, global temperature, and neutral composition, and which
is also used to calculate plasma production, loss, and transport. The model consists
of four components, namely a neutral thermosphere model (Fuller-Rowell and Rees,
1980), a mid- and high-latitude ionosphere convection model (Quegan et al., 1982), a
plasmasphere and low-latitude ionosphere model (Millward et al., 1996), and an elec-
trodynamics model (Richmond et al., 1992). Calculations are performed at a resolution
of 2◦/18◦ in latitude/longitude. In the vertical direction, the atmosphere is divided into
15 logarithmic pressure levels at an interval of one scale height, starting with a lower
boundary at 1 Pa (about 80 km altitude) up to over 500 km altitude at pressure level 15.
The model requires several external forcing factors such as solar UV and EUV radiation,
Weimer electric field, TIROS /NOAA auroral precipitation, and tidal forcing at the lower
boundary. The F10.7 index is used as a solar proxy to calculate ionization, heating, and
oxygen dissociation in the ionosphere. A detailed description of the model can be found
in Codrescu et al. (2008, 2012).

2.4 WACCM-X

The National Center for Atmospheric Research (NCAR) Whole Atmosphere Community
Climate Model with thermosphere and ionosphere extension (WACCM-X) is a global
numerical model of the entire atmosphere, from the surface to an altitude of about 600
km, depending on solar activity. The first version of WACCM-X was described by Liu
et al. (2010). WACCM-X is an atmospheric component of the NCAR Community Earth
System Model that links the atmosphere, ocean, land surface, sea ice, land ice, and
carbon cycle components through flux and state information exchange (Hurrell et al.,
2013). Recent extensions of WACCM-X include a fully coupled ionosphere, including
electric field effects and ion transport. The vertical resolution in the mesosphere and
thermosphere is one-quarter of a scale height and the horizontal resolution is 1.9◦/2.5◦ in
latitude and longitude, respectively. A detailed description of the new version (version
2.0) of WACCM-X can be found in Liu et al. (2018a).

3 Results

In this work, we focused on the variability of NmF2 during different solar activity
conditions. For this purpose, we performed two types of model experiments. In the first
experiment, we used more realistic atmospheric conditions from March and July 2008
and 2013, using the solar, geomagnetic, and other realistic inputs with the default model
settings. The model simulations from the first experiment are used in Sections 3.1 and
3.2. The second experiment was conducted with only one day of constant atmospheric
conditions on March 15, 2013, and we varied only F10.7 in an artificial manner for
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a 27-day solar rotation period to observe the effects of solar flux. This experiment is
described in more detail in Section 3.3. In general, we used ionospheric electron density
profiles between 170 and 400 km to derive the peak election density NmF2.

3.1 NmF2 comparisons

Figure 1 shows maps of monthly mean NmF2 from COSMIC (top panel), WACCM-X
(middle panel), and CTIPe (middle panel) in March and July 2008 and 2013. The white
lines indicate the dip equator. Longitudinal and latitudinal variations are evident from
the figure. The maximum of NmF2 is seen in the low latitude region around the dip
equator. In general, the effect of solar activity can be seen in COSMIC NmF2 and is well
reproduced in the WACCM-X and CTIPe models. In 2008, solar activity was very low,
so the overall WACCM-X NmF2 was lower than in 2013, showing a strong dependence
on solar activity. In addition, NmF2 is larger in March than in July. This feature
is observed in both low and high solar activity years. This is due to the semi-annual
fluctuations of NmF2 (e.g., Qian et al., 2013). In addition, NmF2 is higher in March in the
Northern Hemisphere, while NmF2 is higher in July in the Southern Hemisphere. These
variations are due to the winter-summer asymmetry of equatorial ionization anomalies
(EIA) resulting from electrodynamic, thermodynamic, and chemical processes (e.g., Lin
et al., 2007). Liu et al. (2018b) presented the new development of the WACCM-X.
They showed that the climatological characteristics of the ionospheric peak densities
and heights (NmF2 and hmF2) of WACCM-X are in general agreement with the results
obtained from the COSMIC data. They also found that NmF2 values predicted by
WACCM-X are smaller and EIA are closer to the magnetic equator than observations
from COSMIC and ionosondes.

Figure 1: Variations of NmF2 observed from COSMIC (a-d, upper panel), simulated with

WACCM-X (e-h, lower panel), and with CTIPe (i-l, lower panel) during March and July

2008 and 2013. The month and year are indicated in the respective figure title. The

white lines indicate the dip equator.

The bottom panels in Figure 1(i-l) shows the NmF2 simulated by CTIPe. Compared
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4 Conclusions

We studied the ionospheric response to solar variability using the CTIPe simulated
ionospheric peak electron density NmF2 for 2008 and 2013 under low and high solar
activity conditions. The CTIPe NmF2 was compared to the observed COSMIC and
the modeled WACCM-X NmF2 in March and July of 2008 and 2013. The CTIPe
NmF2 is lower than the COSMIC and WACCM-X NmF2 during the periods studied.
Both models successfully reproduce the semi-annual variations that can be seen in the
COSMIC NmF2.

The CTIPe model simulated NmF2 was used to examine the 27-day fluctuations at
0◦/18◦� , 30◦#/18◦� , and 30◦(/18◦� . We found that the 27-day variations in midnight
NmF2 are stronger than the midday variations, which is consistent with observations.
The analysis also shows that at low solar activity the 27-day variations of NmF2 are
larger at 30◦(, while at high solar activity the 27-day variations of NmF2 are larger at 0◦

and 30◦# during midday.
In addition, the ionospheric delay was estimated with the model simulated NmF2

during low and high solar activity. An ionospheric delay of about 12 hours is observed
during low solar activity and 34 hours during high solar activity. This shows that the
ionospheric delay increases with increasing solar activity.

Here, we discussed the 27-day variations of NmF2 at low (2008) and high (2013) solar
activity and focused on the ionospheric delay of NmF2 at moderate and high solar activity.
In future studies, we will further investigate the effects and main roles of the different
processes affecting the ionospheric delay and their physical mechanisms using modelling
and observations. In addition, the 27-day variations in solar activity and geomagnetic
activity contribute to the 27-day variations in peak electron density (NmF2). Therefore,
further studies are needed to understand the complexity of these factors and their role in
the delayed ionospheric response.
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Summary: The BalloonbornE moduLar Utility for profilinG the lower Atmosphere
(BELUGA) was deployed in autumn 2021 in the Arctic at the AWIPEV research station
in Ny-Ålesund (Svalbard). In-situ profiles of thermodynamic parameters, broadband
radiation, turbulence, aerosol particle concentrations, and cloud microphysical struc-
ture, were performed. Additionally, samples of ice nucleating particles were collected.
Thermal infrared radiation profiles are presented for different cloud conditions. The
data provides the base for studying the vertical distribution of cloud radiative effects,
and extends the common view of the bi-modal distribution of the Arctic surface energy
budget.

Zusammenfassung: Das Fesselballonsystem BalloonbornE moduLar Utility for pro-
filinG the lower Atmosphere (BELUGA) wurde im Herbst 2021 an der Forschungsstation
Ny-Ålesund in der Arktis eingesetzt. Es wurden In-situ Profile von thermodynamis-
chen Parametern, breitbandiger Strahlung, Turbulenz, Aerosolpartikelkonzentrationen
und der mikrophysikalischer Wolkenstruktur erstellt. Zusätzlich wurden Proben von
eiskeimbildenden Partikeln gesammelt. Strahlungsprofile wurden unter verschiedenen
Wolkenbedeckungen gemessen und quantifizieren die vertikale Verteilung der Wolken-
strahlungseffekte. Die Profilmessungen erweitern damit die für bodennahe Messungen
bekannte modale Verteilung des Energiehaushalts der Arktis.

1 Introduction

The tethered balloon system BELUGA (BalloonbornE moduLar Utility for profilinG
the lower Atmosphere; Egerer et al., 2019) was deployed at the AWIPEV research
station in Ny-Ålesund (Svalbard) for an extensive measurement period in autumn 2021
in cooperation with the Institute for Tropospheric Research (TROPOS) and the Alfred
Wegener Institute (AWI). The deployment of BELUGA in Ny-Ålesund succeeds the
operation of the balloon from the sea ice (Egerer et al., 2019; Lonardi et al., 2021) and
extends the series of tethered-balloon operations in Ny-Ålesund (e.g., Ferrero et al., 2019,
Pasquier et al., in review) and in Svalbard (e.g., Cappelletti et al., in review).

The site was chosen for the relative ease of access combined with a comprehensive
setup providing time series of radiosoudings (e.g., Maturilli et al., 2013), cloudiness and
cloud phase retrieved with ground-based remote sensing (e.g., Nomokonova et al., 2019),
surface thermodynamics (e.g., Mazzola et al., 2016), radiation budget (e.g., Maturilli
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Figure 1: (a) The broadband radiation payload on BELUGA and (b) a profile measure-
ment during the polar night.

et al., 2015), and aerosol particle concentrations (e.g., Lupi et al., 2016). In particular,
the daily radiosoundings yeld a valuable dataset for radiative transfer simulations and for
the cross validation of some of the observed quantities. Furthermore, the area is subject
to intense high-resolution Large-Eddy Simulations (LES) modelling activities by (AC)3

(e.g., Kiszler et al., in review).

2 Overview

The balloon deployment lasted from 17 September to 15 November 2021 (Fig. 1). The
BELUGA system followed to a large extent the setup and the techniques adopted during
MOSAiC (Multidisciplinary drifting Observatory for the Study of Arctic Climate; Shupe
et al., 2022) by Lonardi et al. (2021). Some changes had to be applied to operate in the
specific conditions provided by Ny-Ålesund and to extend the research objectives.

A total of 48 flights was performed over 19 days, reaching typically up to 1000-1500 m
above ground level (Fig. 2). Profiles were obtained in cloud free and cloudy conditions,
with four profiles crossing the cloud layer (on 30 September and 8 November 2021).
Snow covered the site from 13 October.

The significant flexibility gained by a potential 24/7 access to the measurement site
proved to be important when facing harsh weather conditions that inhibited BELUGA
operations during longer periods. The observations were also constrained by commercial
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Figure 3: View of BELUGA at the measurement site in November 2021. The lights in the
background mark the runway of Ny-Ålesund airport. The mountain (left) and the open
water (dark area on the right) showcase the typical geography of the area surrounding
the research site.

by Egerer et al. (2019).
In particular, 17 cases feature cloud free conditions (Fig. 4, green lines), while 18

cases represent an scenario with elevated clouds (Fig. 4, red lines), with clouds above the
maximum height in reach of BELUGA. The cloud top was reached by BELUGA (Fig.
4, blue lines) only four times.

The opposing scenarios, with and without clouds, provide a base to study the vertical
distribution of the cloud radiative effect (CRE). This extends the ground-based mea-
surements of the radiation energy budget in Ny-Ålesund. In cloud free conditions, the
net terrestrial irradiances are strongly negative and decrease with altitude. Furthermore,
a large variability is observed among the single profiles as a result of the variations of
temperature and humidity profiles due to seasonality and synoptic activity. In turn, under
cloudy conditions there is no significant vertical variation in the total irradiance. As a
result, the cloud radiative effect becomes stronger with altitude.

Profiles through clouds (Fig. 4, blue lines) were obtained 4 times during two distinct
days (30 September and 8 November 2021). These complement the dataset by Lonardi
et al. (2022) and allow for a similar analysis of single-layer clouds as presented by
Lonardi et al. (accepted). Additionally, in at least one of these cases (30 September)
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Figure 4: Ensemble of profiles of net terrestrial irradiance. An immediate visual distinc-
tion can be made between the structure of the profiles obtained during cloud free (green),
low level cloud (blue), and elevated cloud (red) conditions.

there is a good agreement between balloon in-situ measurements, Cloudnet remote
sensing retrievals, and simulations by the ICOsahedral Non-hydrostatic model (ICON).
This case is currently being evaluated by a cross-cutting team within (��)3.

4 Summary and outlook

The operation of BELUGA in Ny-Ålesund during autumn 2021 provided a significant
number of profiles combining thermodynamic properties, terrestrial radiation, turbu-
lence, and aerosol particles, additionally complemented by stationary INP measurements.

Balloon-borne observations are complemented by the Ny-Ålesund time series of ra-
diosoudings, cloudiness and cloud phase, surface thermodynamics, radiation budget, and
aerosol particle concentrations.

By comparing opposing scenarios, with and without clouds, the measurements of
terrestrial radiation can be used to study the vertical distribution of CRE.

A follow up tethered balloon campaign was conducted in spring 2022 and extended
the autumn dataset with cold and dry spring conditions. This period was also partly
covered by the airborne observations of the HALO-(AC)3 campaign.
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Summary: Ship-based cloud remote sensing observations made onboard R/V Meteor
during the ElUcidating the RolE of Cloud-Circulation Coupling in ClimAte, EUREC4A,
campaign are presented and used to calculate cloud droplet number concentrations. The
calculation is based on cloud liquid water path !,% and droplet effective radius Aeff

retrieved from spectral measurements of transmitted solar radiance. It is shown that
measurement uncertainties and retrieval assumptions impact the accuracy of the results.
A case study indicates that the retrieval of !,% and Aeff is most affected by 3D-radiative
effects in case of shallow cumulus and drizzle, which violates the adiabatic theory
and plan-parallel geometry on which the radiative transfer simulations of the retrieval
are based. Depending on the cloud thickness, the retrieval of Aeff might suffers from
ambiguity.

These retrieval uncertainties and their implications on the estimated cloud droplet
number concentration are investigated by a sensitivity study. The analysis showed that
most of the uncertainty is introduced by Aeff, whereas !,% contributes significantly to
the uncertainty only for thin clouds. Therefore, it is concluded that only selected cloud
cases, which do not violate the retrieval assumption, such as stratiform cloud layers, are
suited to apply the retrieval approach in further studies.

Zusammenfassung: Fernerkundungsmessungen von Wolken auf dem Forschungss-
chiff R/V Meteor während der ElUcidating the RolE of Cloud-Circulation Coupling in
ClimAte, EUREC4A, Kampagne werden vorgestellt und zur Berechnung der Tröpfchenan-
zahlkonzentration verwendet. Die Berechnung basiert auf Messungen des Flüssig-
wasserpfads !,% und dem effektiven Tröpfchenradius Aeff, welche aus spektralen Mes-
sungen der transmittierten solaren Strahldichte abgeleitet wurden. Es wird gezeigt,
dass Messunsicherheiten und Annahmen bei der Ableitung der Wolkeneigenschaften
die Genauigkeit der Ergebnisse beeinflussen. Eine Fallstudie zeigt, dass die Ableitung
von !,% und Aeff am stärksten durch 3-dimensionale Strahlungseffekte von flachen Cu-
muli und Nieselregen beeinflusst wird. Beides wiederspricht den Idealisierungen von
adiabatischen Wolken und einer planparallelen Geometrie, auf denen die Strahlungstrans-
fersimulationen des Verfahrens beruhen. Abhängig von der Wolkendicke kann die
Ableitung von Aeff zusätzlich durch Mehrdeutigkeiten beeinflusst sein.
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In einer Sensitivitätsstudie wurde der Einfluss dieser Unsicherheiten auf die Berech-
nung von der Tröpfchenanzahlkonzentration untersucht. Die Analyse ergab, dass der
größte Teil der Unsicherheit durch Retrievalunsicherheit von Aeff verursacht wird, woge-
gen !,% nur bei dünnen Wolken einen wesentlichen Beitrag leistet. Deshalb wird
geschlussfolgert, dass nur ausgewählte Wolkenfälle, die die Annahmen der Methode
nicht verletzen, wie z. B. stratiforme Wolkenschichten, geeignet sind, um die Methode
in weiteren Studien anzuwenden.

1 Introduction

The cloud droplet number concentration CDNC is a key parameter, which significantly
regulates the cloud radiative effects (Wolf et al., 2019). Therefore, estimates of the CDNC
from observations are highly desired either from satellite or ground-based instruments
(Grosvenor et al., 2018). Ground-based measurements of transmitted solar spectral
radiance or irradiance have frequently been used to derive cloud properties of liquid
clouds and cirrus (e.g., Brückner et al., 2014; Schäfer et al., 2013; LeBlanc et al.,
2015). The spectral measurements are often converted into spectral ratios or normalized
radiances to reduce the impact of calibration uncertainties. However, other studies such
as, e.g. Fielding et al. (2014, 2015) or Merk et al. (2016), use absolute radiances or a
combination of passive and active remote sensing to characterize clouds.

The adiabatic cloud theory provides a basis to calculate the CDNC from observed
cloud properties (Brenguier et al., 2000). This approach has previously been applied for
active ground-based and passive satellite remote sensing observations, using the retrieved
cloud liquid water path !,%, cloud droplet effective radius Aeff, and adiabaticity factor.
Here, we apply this approach to ship-based observations including passive spectral solar
radiance measurements. The observations and uncertainties are presented with respect to
their effect on the retrieval of !,% and Aeff. The CDNC retrieval theory is then adapted to
the transmissivity observations and tested by a sensitivity study and furthermore applied
to potential cloud cases.

2 Passive solar cloud remote sensing during EUREC4A

2.1 Spectral solar radiance measurements

The COmpact RAdiation measurements System spectrometer system (CORAS, Brück-
ner et al., 2014) was deployed during EUREC4A in January and February 2020 on the
research vessel R/V Meteor. CORAS was configured to measure spectral solar radiance
in zenith viewing directions with a sampling frequency of about 6 s. Individual measure-
ments were obtained with an integration time of 300−500 ms. The setup consisted of two
separate radiance inlets; one of them was installed on the stabilized cloud radar platform
correcting for ship motion, the second one was installed on the microwave radiometer
which was operated non-stabilized.

The radiance optical inlets feature an opening angle of 2◦, which results in a cross track
resolution of about 35 m assuming a cloud base at 1 km altitude. The zenith radiance
of the stabilized inlet is analyzed by two separated grating spectrometers, which cover
the visible (380 − 1000 nm) and near-infrared (900 − 2000 nm) wavelength range. The
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2.2 Retrieval of liquid water path and effective droplet radius

Different approaches to retrieve !,% and Aeff have been applied to estimate the retrieval
uncertainties. All retrievals are based on spectral radiance measured by CORAS and look-
up tables derived from radiative transfer simulations by libRadtran. In the simulations,
clouds were constructed by the sub-adiabatic cloud model with adiabaticity factor of 0.7
and a range of !,% and Aeff covering the conditions experienced during EUREC4A.
Cloud boundaries were obtained from cloud radar observations on R/V Meteor. The
retrievals use either the classic ratio method (Brückner et al., 2014) or a combination of
cloud transmissity at eight wavelengths. The eight wavelengths approach includes the
six wavelengths used in Brückner et al. (2014) and add measurements at 500 nm and
860 nm wavelength to improve the sensitivity to !,%. To constrain the retrieval, for
both approaches, an option prescribing the !,% with observations from the microwave
radiometer are tested. The ratio method was applied in two version. One using the
original wavelength combination by (Brückner et al., 2014). A second version using an
alternative wavelength combination, 500 nm and 860 nm, was tested. As a benchmark,
!,% obtained by a passive microwave radiometer (HATPRO) are used.

Figure 2 compares !,% and Aeff as retrieved by all different approaches for a time
period observed on 2 February 2020. The period was characterized by the presence of
shallow cumulus and thin strato-cumulus with low !,% < 100 g m−2 and a deeper cloud
field with !,% reaching up to 400 g m−2 as indicated by the microwave radiometer. The
highest !,% of around 400 g m−2 are reached during around 12:15 − 12:30 UTC when
the cloud radar still observed hydrometeors at lowest radar range gate (300 m) which
likely did not evaporate before reaching the surface. Thus, the LWP from the microwave
radometer might be less trustworthy if the radiometer radome got wet. It also has to be
noted that the microwave radiometer was not corrected for the cloud-free offset, which
typically ranges up to 30 g m−2. However, depending on the retrieval approach, the
retrieved !,% significantly differ. Both ratio retrievals overestimate the !,% of the
shallow cumulus after 13:00 UTC, while they partly underestimate the !,% of the thick
cloud field. The transmissivity approach shows more reasonable results, especially for
shallow cumulus periods and in cloud-free conditions. The results of the retrievals, which
are constrained by the !,% naturally match the !,% of the microwave radiometer best.

The retrieved Aeff was not filtered for spurious results, e.g., overestimations in Aeff

close to 25 `m, which is linked to cloud edges and cloud-free conditions. In general,
the shallow cumulus shows smaller Aeff than the deeper cloud field. Comparing the
different retrieval approaches indicates that the unconstrained methods, except the one
using 500 nm and 860 nm, result in higher Aeff than the methods that are constrained by
the !,% from the microwave radiometer. These results demonstrate the sensitivity
of the retrieval with respect to the choice of wavelength. This is partly linked to
spectral measurement uncertainties. In addition, the vertical weighting functions of
the transmissivity retrievals, and therefore, the retrieved Aeff depend on the location of
the chosen wavelengths in the water absorption band.

This sensitivity study suggests that although nadir radiances measured by CORAS are
ambiguous as a function of cloud !,%, a high information content and sensitivity is
found with respect to Aeff , when an estimate of cloud !,% is given and used to constrain
the retrieval. !,% estimates, for example provided by the microwave radiometer, allows
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Figure 2: Time series of !,% and Aeff retrieved by different methods using spectral
radiance from CORAS measured onboard R/V Meteor on 2 February 2020. For !,%,
the passive microwave radiometer measurements (HATPRO) are included.

pre-separating between low and high !,%. However, the !,% threshold is not fixed
and, based on thresholds, ranges between 20 g m−2 and 60 g m−2 depending on solar
zenith angle and Aeff. Unfortunately, shallow trade wind cumulus as observed frequently
during EUREC4A often falls into this !,% ambiguity range.

3 CDNC Retrieval from ground based transmissivity measurements

3.1 Theory

For retrieving the cloud droplet number concentration# in stratiform clouds from satellite
remote sensing, Brenguier et al. (2000) and Wood (2006) proposed a relation, which
links # to the cloud liquid water path !,% and the cloud effective radius Ãeff based on
reflectivity retrievals:

# =
3 ·

√
2

4 · c · dw
·
√

5ad · Γad ·
√
!,%

Ã3
eff

(1)
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with dw the density of liquid water, 5ad the degree of adiabaticity, and Γad the adiabatic
rate of increase of liquid water content with respect to height.

In this relation Ãeff should not be mistaken with Aeff , the effective cloud droplet radius
retrieved from transmissivity measurements as used in Section 2. Here, Ãeff represents the
cloud droplet radius at cloud top Ãeff = A (ℎtop), to consider the high sensitivity of satellite
retrievals to cloud top layers. Vertical weighting functions of reflectivity retrievals
are presented by Platnick (2000) and were shown to not penetrate deep into the clouds.
Platnick (2000) also showed that the weighting functions for transmissivity measurements
are more uniform and weights the profile of particle sizes equally. Therefore, retrievals
based on transmissivity provide an estimate of the mean droplet radius averaged over the
entire Aeff = A.

The profile of cloud particle radius in stratiform clouds can be calculated by:

A (ℎ) = � · ℎ1/3 with � =

(

3
4 · c · dw

· Γad

#

)1/3
(2)

From that, A can be derived by integration of A (ℎ):

Aeff = A =
1
ℎ
·
∫ ℎtop

0
� · ℎ1/3dℎ, (3)

Aeff = � · 3
4
· ℎ1/3

top , (4)

Aeff =
3
4
· Ãeff . (5)

This conversion of the reflectivity-based cloud effective radius into the transmissivity-
based cloud droplet radius is used to convert Eq. 1 into a relation for calculating # from
transmissivity measurements:

# =

(

3
4

)4

·
√

2
c · dw

·
√

5ad · Γad ·
√
!,%

A3
eff

. (6)

To calculate # , measurements of !,%, Aeff and assumptions on the adiabaticity
factor 5ad are required. As discussed by, e.g., Wolf et al. (2019) for reflectivity-based
retrieval and Merk et al. (2016) for ground-based observations, these three parameters can
be obtained by different combinations of remote sensing measurements. For example,
passive spectral solar and microwave radiometer measurements, and active lidar and radar
observations were combined. Here, !,% from the microwave radiometer is applied. Aeff

is obtained from the constrained ratio retrieval of CORAS. Radar and lidar (ceilometer)
cloud boundaries are used to calculate the cloud height �, which in combination with
!,% is used to derive 5ad:

Γobs = 5ad · Γad =
2 · !,%

�2
. (7)

This reduces Eq. 6 to:

# =

(

3
4

)4

· 2
c · dw · � · !,%

A3
eff

. (8)
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Figure 3: Cloud droplet number concentration # and uncertainty Δ# calculated for
different combinations of �, Aeff, and !,%.

3.2 Sensitivity study

To analyse the potential of a CDNC retrieval and the impact of the measurement un-
certainties on the retrieved cloud properties, a sensitivity study based on Eq. 8 was
performed. For different combinations of �, Aeff, and !,%, representing the typical
range of sub-tropical boundary layer clouds, the cloud droplet number concentration
# was calculated. The uncertainty Δ# was estimated by Gaussian uncertainty prop-
agation assuming that cloud altitude is measured with an uncertainty of Δ� = 50 m,
cloud particle size is retrieved with uncertainty of ΔAeff = 1 `m, and !,% is derived
with an uncertainty of Δ!,% = 20 g m−2. To estimate, which quantity contributes most
to the total uncertainty Δ# , also separate uncertainties by each of the measured cloud
properties were calculated.

Figure 3 shows # and Δ# for four clouds in dependence of !,%. In all cases, the total
uncertainty may exceed 100 % for cloud with small !,% and low # , respectively. For
higher !,% and # , absolute uncertainties increase but relatively uncertainties decrease
to about 50 %. For most clouds, the strongest impact on the total uncertainty results from
uncertainties of Aeff. Only for small !,%, the uncertainty of !,% is dominant. While
!,% contributes linear to the calculation of # , the dependence on Aeff is cubic (compare
Eq. 8) and, therefore, is more prone to uncertainties. This holds especially for clouds
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These constrains limit the number of potential cloud cases from EUREC4A. Here two
cases with stratiform clouds are presented. Figure 4 shows a time series of all relevant
cloud parameters measured on 2 February 2020. The three hour period is characterized
by a sequence of warm convection, which partly formed precipitation. In the core of the
convective cell, !,% up to 400 g m−2 were observed. Due to the drizzle, !,% derived
from CORAS and the microwave radiometer differ significantly and the retrieved Aeff

become non-reliable. Additionally, for this cloud, Aeff varies around the ambiguity range
of the transmissicity retrieval, which is obvious by the absence of any solution between
7-11 `m. For smaller trade wind cumuli at low altitudes, 3D-radiative effects biased
the retrieval by CORAS. Therefore, # was calculated only for short periods of the time
series, e.g., the stratiform cloud layer in about 2200 m altitude observed around 11:30
UTC.

A second case, where only stratiform clouds were observed, is presented in Figure 5.
For this almost ideal scenario, !,% retrieved by CORAS and the microwave radiometer
agree well. The retrieved Aeff ranged between 4 `m in thinner cloud parts and 15 `m in
the thicker parts of the cloud layer. In this section of the cloud the retrieved # become
more reliable and range around 50 cm−3. However, also here the retrieval of # seems
to fail when the cloud layer becomes thin and !,% decreases below 30 g m−2, which
agrees with the sensitivity study presented in Section 3.2.

5 Summary and conclusions

Spectral solar irradiance measurements on board of R/V Meteor obtained during the
EUREC4A campaign are presented and used in combination with active and passive
microwave remote sensing to estimate the cloud droplet number concentration. The
ship-based measurements turned out to be challenging due to a non-stable radiometric
calibration caused by temperature effects and deposition of sea salt, which results in
a higher measurement uncertainty compared to ground-based observations (Brückner
et al., 2014). The measurement uncertainty impacts the retrieval of cloud properties using
transmissivity based retrieval such as presented by Brückner et al. (2014) or LeBlanc et al.
(2015). Therefore, different approaches to derive !,% and Aeff were tested. The case
study indicated that retrieval uncertainties can result from 3D-radiative effects in case of
shallow cumulus and drizzle, which violates the adiabatic theory on which the radiative
transfer simulations of the retrieval are based. Due to the range of LWP present during
the measurements, which falls into the ambiguity range of the retrieval, the retrieval of
Aeff may partly fail. However, synergistic approaches that combine active and passive
remote sensing similar to Fielding et al. (2015) are possible.

An approach to calculate the cloud droplet number concentration # from ground-based
observations using Aeff retrieved from the spectral irradiance measurements is presented.
The approach is based on common reflectivity-based retrieval of # (e.g., Merk et al.,
2016; Wolf et al., 2019) and was converted for the Aeff observed by transmissivity-based
retrieval. A sensitivity study showed that the uncertainty of # is dominated by the
uncertainty of Aeff, This indicates that the limitation of the retrieval of !,% and Aeff can
significantly bias the retrieval of # . Therefore, data need to be filtered for 3D-radiative
effects, the ambiguity range of the retrieval and drizzle. This was demonstrated by two
cases. Cloud sections, which can potentially be used to retrieve # were identified. These
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sections are mostly limited to non-precipitating stratiform clouds. As discussed by e.g.,
Fielding et al. (2015) and Merk et al. (2016), further analysis is required to refine the
retrieval approach and select the most suited approach to combine the different passive
and active measurements.
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CIRRUS-HL: Overview of LIM contributions
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Summary: From June to July 2021, the Leipzig Institute for Meteorology (LIM)
participated in the Cirrus in High Latitudes (CIRRUS-HL) campaign. Utilizing the
German High Altitude Long Range Research Aircraft (HALO), 24 research flights were
conducted out of Oberpfaffenhofen, Germany. The initial goal of the campaign was
to sample high-latitude cirrus clouds with a combination of in-situ and remote sensing
instrumentation. However, due to the global coronavirus pandemic, the flights had to
be carried out from southern Germany instead of northern Sweden. Thus, the flight
time in Arctic latitudes was limited. Therefore, more objectives concerning midlatitude
cirrus were included in the campaign goals. LIM contributed to CIRRUS-HL with
measurements by the Broadband AirCrAft RaDiometer Instrumentation (BACARDI)
and the Spectral Modular Airborne Radiation measurement sysTem (SMART). While
BACARDI measured broadband solar and terrestrial upward and downward irradiance,
SMART measured spectrally resolved solar upward radiance as well as upward and
downward irradiance.

Zusammenfassung: Von Juni bis Juli 2021 nahmen einige Mitarbeitende des LIM
an der CIRRUS-HL Kampagne teil. Mit dem deutschen Forschungsflugzeug HALO
(High Altitude Long Range Research Aircraft) wurden 24 Forschungsflüge von Oberp-
faffenhofen, Deutschland, aus durchgeführt. Ursprüngliches Ziel der Kampagne war es,
Zirruswolken in hohen Breitengraden mit einer Kombination aus In-situ- und Fernerkun-
dungsinstrumenten zu untersuchen. Aufgrund der weltweiten Corona-Pandemie mussten
die Flüge jedoch von Süddeutschland statt von Nordschweden aus durchgeführt werden.
Daher wurden weitere Ziele in Bezug auf Zirruswolken in mittleren Breiten in die Ziele
der Kampagne aufgenommen. Das LIM-Team betrieb die breitbandigen und spektralen
Strahlungssensoren BACARDI (Broadband AirCrAft RaDiometer Instrumentation) und
SMART (Spectral Modular Airborne Radiation measurement sysTem), wobei BACARDI
die breitbandige solare und terrestrische Auf- und Abwärtsstrahlung und SMART die
spektral aufgelöste solare Auf- und Abwärtsstrahlung sowie die Aufwärtsstrahlungsdichte
maß.
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1 Introduction

The impact of cirrus clouds on our current and changing climate is a critical point for
comprehending the Earth’s climate system. In particular, cirrus clouds in the Arctic
present a key uncertainty of the Arctic energy budget as it might switch from a warming
to a cooling effect depending on the changing properties of clouds moving between ocean
and ice covered surfaces and the sensitivity of the larger climate system to perturbations.
Midlatitude cirrus clouds were studied with the German High Altitude Long Range
Research Aircraft (HALO) in the MidLatitude Cirrus (ML-CIRRUS) airborne campaign
in 2014. Building onto that successful mission and the established extensive instrument
payload, the CIRRUS-HL campaign was carried out in June and July 2021 to probe
Arctic cirrus clouds. The scope of the mission is to study formation, properties, and
climate impacts of cirrus clouds in high latitudes, compare them to midlatitude cirrus
and investigate the aviation impact on cirrus. The main objectives were to quantify ice
crystal properties, the impact of the aerosol particles and the radiative effects of cirrus
clouds.

Due to the impact of the ongoing coronavirus pandemic on the logistics of the cam-
paign, the original spring time frame for the campaign and measurements based out of
Kiruna, Sweden, could not be realized. Instead, the campaign was shifted to Oberpfaffen-
hofen, Germany, and moved to the summer. This compelled the scientists to reevaluate
their flight strategies, and the major goals of the mission could still be achieved while
incorporating further research objectives.

A team of scientists from the Leipzig Institute for Meteorology (LIM) participated
in this study with two remote sensing packages on board. The following sections
provide more details on the goals of the campaign, an overview of the campaign results,
information on the instruments operated by LIM and a case study demonstrating how the
measurements from these instruments can be used for future analyses.

2 Campaign overview and instrumentation

The CIRRUS-HL campaign resulted in 24 measurement flights with a total of 146 flight
hours. Figure 1 illustrates an overview of the flight tracks from the campaign. In order
to accommodate more time spent measuring in the Arctic, several flight days included
double flights, wherein HALO would refuel in the Arctic to extend the measurement time
in high latitudes. However, HALO also took advantage of its home base in Oberpfaffen-
hofen and managed to also fly in midlatitude cirrus systems and obtain measurements
collocated with ground-based stations across Germany in Jülich, Leipzig, Munich and
Lindenberg.

The research flights were designed to follow one or more of the seven objectives of
CIRRUS-HL, which comprise Arctic in-situ cirrus in ice supersaturated regions (ISSR),
Arctic frontal cirrus, midlatitude in-situ cirrus, midlatitude frontal cirrus, embedded
contrails in cirrus, contrail cirrus hotspots and exemplary cases of cirrus influenced by
soot.

The LIM team operated two passive radiation sensors on board HALO. Both instru-
ments are described in the following subsections, and for reference, their respective
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2.1 Overview of instrumentation

The majority of the instrumentation on board HALO for the CIRRUS-HL campaign is
designed for in-situ measurements (Voigt et al., 2017). Thirteen in-situ instruments with
inlets on the fuselage of the aircraft were installed to measure water vapor, water content
and different aerosols. Eight more cloud probe instruments employing various measure-
ment techniques were installed along the wings of HALO. These cloud probes provide
valuable information concerning cloud particle number concentrations and images of
cloud particles to determine particle sizes and shapes. In addition to the remote sensing
instruments operated by LIM, the WALES lidar (name derived from WAter vapor Lidar
Experiment in Space; Wirth et al., 2009) and the spectral imager (specMACS; Ewald
et al., 2016) were also part of the payload. A schematic overview is shown in Fig. 3
where a) shows the instruments located inside the aircraft with inlets or windows on the
fuselage of HALO and b) shows the particle and in-situ probes mounted on the wings of
HALO. A more detailed description of each instrument is given on the campaign website
https://cirrus-hl.de/instruments.

2.2 BACARDI

The radiometer package on HALO, the Broadband AirCrAft RaDiometer Instrumenta-
tion (BACARDI), consists of two sets of Kipp and Zonen pyranometers (CMP 22) and
pyrgeometers (CGR-4) mounted to the fuselage of the aircraft. The upward and downward
solar (0.2 – 3.6 µm) and terrestrial (4.5 – 42 µm) irradiances at flight level are measured
using this configuration of four radiometers. Based on these measurements, the radiative
forcing of cirrus clouds can be calculated with the help of radiative transfer simulations.
Because the instruments measure the irradiance of the full sky, including cloudy and
cloud-free areas, simulations are performed using the libRadtran package (Emde et al.,
2016) to calculate the irradiance of the cloud-free case in order to isolate cloud radia-
tive effects alone (Luebke et al., 2022). A more detailed description of the instrument
as well as the measurement uncertainties and post-processing are provided in Luebke
et al. (2022). Postprocessed data from the BACARDI instrument for the CIRRUS-HL
campaign are published on the HALO Database (https://halo-db.pa.op.dlr.de/).

2.3 SMART

During CIRRUS-HL, the Spectral Modular Airborne Radiation measurement sysTem
(SMART; Wolf et al., 2019) measured downward and upward irradiance as well as
upward nadir radiance in the spectral range between 0.3 µm and 2.2 µm. The spectral
resolution (Full Width at Half Maximum (FWHM)) of the instrument is 2 – 3 nm for
wavelengths below 1.0 µm and 10 –15 nm for longer wavelengths. The integration time
was set to 300 ms resulting in a temporal resolution of 3.3 Hz. The radiance sensor has a
field of view of 2 ◦, which together with the temporal resolution results in a footprint of
approximately 422 m × 349 m, assuming an aircraft speed of 220 m s−1 and an altitude
of 10 km. Notably, the optical inlet for the downward irradiance is mounted to a leveling
platform to actively maintain a horizontal position. The two inlets for upward irradiance
and radiance were mounted in a fixed position. With this setup, the spectrally resolved
solar radiative budget at flight altitude was derived.
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Figure 5 (c) and (d) depict the mean net irradiance (�net) for each of the sections during
the in-situ, Langrangian staircase sequence. Simulations of �net for the cloud-free case
are also shown for reference. In general, the observed net solar irradiance (�net,solar) is
decreasing with altitude. This is due to the fact that with higher altitude, the cloud layer
below HALO becomes thicker and increases the reflection of solar irradiance. The cloud
layer above becomes thinner and transmits more incoming solar irradiance. In this case,
we see that the upward solar irradiance is increasing while the downward component
remains relatively stable, even as the aircraft moves into and under cirrus cloud layers.

In Flight Section 5, just below 11 km, there is a sharper decrease in �net,solar. The
cirrus clouds in this section were reported to first become thicker, which increases the
amount of solar radiation being reflected by the lower clouds and reduces the transmitted
solar radiation, thus decreasing �net,solar. However, �net,solar increases again as the aircraft
exits this layer into thin, intermittent clouds, where the upward solar irradiance could
be less intense, however confirmation of this assumption depends on the cloud situation
below HALO. The fact that the simulated �net,solar is much higher than the observations
suggests that there is also a stratitform cloud layer at lower altitudes, which increases the
upward solar irradiance relative to a case where there are no clouds below HALO. This
stratus cloud layer is likely to also be changing and affecting the upward irradiance.

In the terrestrial net irradiance (�net,terr), the profile in Fig. 5(d) first increases sharply
with altitude, but then stabilizes around 10 km (Flight Section 4). In the lower altitudes of
the profile (Flight Sections 1–3), Fig. 5(b) shows that the downward terrestrial irradiance
is not decreasing as rapidly as the upward component. This coincides with HALO
entering the base of the cirrus cloud. The upward irradiance decreases due to the
emission of terrestrial radiation by the cirrus cloud layer, which is colder than the
surface. The emitted downward terrestrial irradiance only decreases slowly as the cloud
base temperature is only slightly warmer than the temperature of the higher cirrus cloud
layers. In the higher part of the profile (Flight Sections 4–7), the upward terrestrial
irradiance continues to decrease with altitude, but the cirrus cloud is reported to be
more intermittent and thin, with only some denser samples. Thus, the upward terrestrial
irradiance decreases more slowly than at the lower altitudes of the profile. At the same
time, the cold atmosphere above the cirrus cloud layer continues to impact the downward
terrestrial irradiance, particularly as HALO nears the top of the layer. Both effects
compensate for each other and stabilize �net,terr until Flight Section 7, when HALO
is above the clouds completely, and the magnitude of the cooling increases (�net,terr

decreases).
Similar to the �net,solar profile around 11 km, �net,terr is also affected by the very dense

cirrus cloud layer and transition to patchier, thinner cirrus clouds. This is not obvious in
the mean �net,terr, but is indicated by the larger standard deviation bars in Flight Sections
5 and 6, where it is demonstrated that the terrestrial fluxes are fluctuating as the density
of the cloud within and between layers changes too. In the case of both �net,solar and
�net,terr, additional information about the microphysical and macrophysical properties of
the cloud can help to more clearly interpret the observations.
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includes parts with no cloud above and is located further south with a lower solar zenith
angle than Section 7, which is exclusively above cloud. Apart from this, the different
sections do not show significant differences in most of the spectrum. This shows that the
extinction by the optically thin cirrus cloud does not attenuate the incoming solar radiation
significantly. However, in particular wavelength ranges absorption by atmospheric trace
gases is obvious.

The first notable absorption line at 760 nm corresponds to an oxygen absorption line,
which becomes more pronounced the lower the altitude of HALO. Three broader sections
can be identified at around 900 nm, 1350 nm and 1850 nm. They all correspond to water
vapour absorption bands with centers at 940 nm, 1380 nm and 1870 nm. With increasing
altitude and thus less cirrus cloud above the aircraft, the dip in the spectrum gets less
pronounced. This can be explained by the decrease in the absolute amount of water
vapour above the aircraft, which directly correlates with the amount of cirrus clouds.
In addition, the path a photon needs to travel decreases with increasing altitude, thus
decreasing the chance of it being absorbed inside the cirrus clouds.

The upward irradiance in Fig. 6(b) shows a higher variability between the different
sections. Different processes lead to the change of the upward irradiance, which does
not follow a steady increase with altitudes as would be the case for a homogeneous cirrus
cloud. In this case, a lower stratiform cloud layer increased the reflectivity from altitudes
below the cirrus cloud. As the cloud optical thickness of this stratiform cloud might
change along the flight track, the upward irradiance becomes variable. In the wavelength
range between 1500 and 1700 nm, the absorption by cloud particles dominates the
spectral pattern. For the high flight section, when HALO is above the cirrus clouds, the
upward irradiance is reduced compared to lower altitudes. This indicates the absorption
by ice crystals and the presence of cirrus clouds. In this spectral range, the large ice
crystals of the cirrus cloud absorb solar radiation more strongly than the small liquid
droplets of the low stratiform cloud. To disentangle the different effects and quantify the
radiative effect of the cirrus cloud, a sensitivity study using radiative transfer simulations
is required.

4 Conclusions and outlook

CIRRUS-HL provides a new data set for analyzing the microphysical and radiative prop-
erties of Arctic and midlatitude cirrus clouds. Here, spectral and broadband irradiance
measurements by BACARDI and SMART are presented for an Arctic cirrus cloud north
of Iceland. The irradiances reveal the complexity of this case, which was caused by a
low level liquid cloud layer and the heterogeneity of the cirrus cloud. Comparison with
radiative transfer simulation of cloud-free conditions with profiles of up- and downward
irradiance illustrate the solar radiative effect by the cirrus cloud, which is often super-
imposed by the reflection of radiation by the lower stratiform cloud. In the terrestrial
wavelength range, the effect of the low cloud is less important. This illustrates, that dif-
ferent spectral ranges need to be analysed to separate the radiative effects of both cloud
layers. Similarly, the spectrally resolved measurements of SMART can be used in com-
bination with radiative transfer simulations to extract the radiative effects of ice crystals.
To interpret the radiation measurements, the full HALO instrumentation of CIRRUS-HL
can be used to combine remote sensing measurements with in-situ measurements of
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ice particle size, shape and number. By constraining the influence of the lower-cloud
albedo with model analyses, these data can be used to assess the impact of ice crystal
properties, such as ice crystal shape, on the radiative effect of Arctic cirrus clouds. It
is envisioned to compare the CIRRUS-HL observations with numerical weather forecast
models and cirrus cases observed in the central Arctic during the recent HALO campaign
HALO-(AC)3.
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Exploring aerosol-cloud interaction in Southeast Pacific marine

stratocumulus during VOCALS regional experiment
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Summary: The marine stratocumulus clouds are highly sensitive to aerosol perturba-
tions. In this study, we have explored the cloud susceptibility to aerosol using satellite
observation and multi-model simulations over the Southeast Pacific Ocean (SEP). The
climatology of satellite observation indicates that SEP is a relatively clean area with
low aerosol optical depth (AOD). The SEP is a region of marine stratocumulus deck
with cloud fraction (CF) reaching as high as 90% in many regions, with relatively low
(140 cm−3) cloud droplet number concentration (CDNC) over the marine environment,
and it increases as it moves towards the coast. The joint histogram analysis shows
that the AOD-CDNC relation shows positive sensitivity and a non-linear CDNC-LWP
(liquid water path) relationship; however, a negative sensitivity is dominant. The multi-
model analysis shows that most models have a strong positive AOD-CDNC sensitivity,
suggesting that the cloud albedo effect leads to net cooling. The general circulation
models (GCM) reveal a negative radiative forcing (-0.28 to -1.36 W m−2) at the top of
the atmosphere (TOA) when using the flux method. It supports the positive AOD-
CDNC sensitivity and the resulting negative radiative forcing in GCMs. However, the
CDNC-LWP shows a diverse relation in the models. In the GCMs, the effect of cloud
microphysics is not considered while estimating the net radiative forcing. To include
the effect of cloud microphysics in the radiative forcing estimates, we have proposed a
statistical approach to calculate the net radiative forcing. The results show that the net
radiative forcing is sensitive to the LWP change due to the aerosol perturbation.

Zusammenfassung: Die marinen Stratocumulus-Wolken reagieren sehr empfindlich
auf Aerosol-Störungen. In dieser Studie haben wir die Anfälligkeit der Wolken für
Aerosol anhand von Satellitenbeobachtungen und Multi-Modellsimulationen über dem
Südostpazifik (SEP) untersucht. Die Klimatologie der Satellitenbeobachtung zeigt, dass
der SEP ein relativ sauberes Gebiet mit geringer Aerosol optischer Dicke (AOD) ist.
Der SEP ist eine Region mit mariner Stratocumulus-Decke mit einer Wolkbedeck-
ungsgrad (CF), der in vielen Regionen bis zu 90% erreicht, mit einer relativ niedri-
gen (140 cm−3) Wolkentröpfchenanzahlkonzentration (CDNC) über der marinen Umge-
bung, und sie nimmt in Richtung Küste zu. Die gemeinsame Histogramm-Analyse
zeigt, dass die AOD-CDNC-Beziehung eine positive Sensitivität und eine nicht-lineare
CDNC-LWP-Beziehung (Flüssigwasserpfad) aufweist; allerdings ist eine negative Sen-
sitivität vorherrschend. Die Multi-Modellanalyse zeigt, dass die meisten Modelle eine
stark positive AOD-CDNC-Empfindlichkeit aufweisen, was darauf hindeutet, dass der
Wolkenalbedo-Effekt eine Nettokühlung bewirkt. Die allgemeinen Zirkulationsmodelle
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(GCM) zeigen einen negativen Strahlungsantrieb (-0,28 bis -1,36 W m−2) am Ober-
rand der Atmosphäre (TOA), wenn die Flussmethode verwendet wird. Dies unter-
stützt die positive AOD-CDNC-Empfindlichkeit und den daraus resultierenden nega-
tiven Strahlungsantrieb in GCMs. Der CDNC-LWP zeigt jedoch unterschiedliche Ab-
hängigkeiten in den Modellen. In den GCMs wird die Wirkung der Wolkenmikro-
physik bei der Abschätzung des Netto-Strahlungsantriebs nicht berücksichtigt. Um die
Auswirkungen der Wolkenmikrophysik auf den Strahlungsantrieb einzubeziehen, haben
wir einen statistischen Ansatz zur Berechnung des Nettostrahlungsantriebs gewählt. Die
Ergebnisse zeigen, dass der Nettostrahlungsantrieb empfindlich auf die LWP-Änderung
durch die Aerosolstörung reagiert.

1 Introduction

Aerosols, clouds, and their interaction continue to be the primary contributor to the
uncertainty in assessing the Earth’s radiation budget estimates (Forster et al., 2021;
Mülmenstädt and Feingold, 2018). Atmospheric aerosols can act as cloud condensation
nuclei that modulate cloud micro and macrophysical properties (Twomey, 1977; Charlson
et al., 1992). Twomey (1977) reported the relation between aerosol concentration,
cloud droplet number concentration (CDNC) and cloud albedo. It hypothesized that an
increased aerosol loading could modify the CDCN, which enhances the cloud albedo,
commonly known as radiative forcing due to aerosol-cloud interaction (Bellouin et al.,
2020; Forster et al., 2021). Further, at higher CDNC, the LWP may enhance or decrease,
subjected to rapid adjustments to aerosol-cloud interactions (Albrecht, 1989). Thus,
aerosols influence the cloud via modifying microphysical processes and substantially
impact their radiative forcing (Menon et al., 2002). Satellite imagery has been proven
that ship tracks (Goren and Rosenfeld, 2012) and smoke plumes (Goren and Rosenfeld,
2015) are evidence of aerosol-cloud interaction and subsequent radiative effect.

Quantifying the mechanisms responsible for aerosol radiative forcing and its repre-
sentation in models has been proven to be challenging. Nevertheless, several studies
investigated the aerosol-cloud interaction and estimated radiative forcing with a wide
range of uncertainty (Twomey, 1977; Menon et al., 2008; Quaas et al., 2008; Wood
et al., 2011). The uncertainty may arise from wide observational scales and platforms
(McComiskey and Feingold, 2012).

In-situ observation plays a crucial role in unfolding the uncertainties in aerosol-cloud
interaction. The VAMOS (Variability of the American Monsoon Systems) Ocean-Cloud-
Atmosphere-Land study (VOCALS, Wood et al., 2011) is an international program
designed to understand the physical and chemical processes of the coupled climate sys-
tem of the Southeast Pacific (SEP). The VOCALS campaign is categorized into the
VOCAL regional experiment (in-situ observations) and the VOCAL numerical model
experiment. The Weather Research and Forecasting model coupled to Chemistry (WRF-
chem) and COnsortium for Small-scale MOdeling - Aerosols and Reactive Trace gases
(COSMO-ART) are the regional models actively participating in the VOCALS mod-
elling experiment. They have compared the aerosol and cloud characteristics over the
SEP with observation and are in good agreement (Wood et al., 2011; Wyant et al.,
2015). Additionally, Min et al. (2012) reported a strong correlation between satellite
observation, specifically aerosol and cloud optical properties, with the VOCALS in-situ
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measurements.
This study explores the aerosol-cloud interaction over the SEP during the VOCALS

experiment. For this, we have used satellite observations and multi-model simulations
(both regional and global models) to explore the aerosol-cloud interaction over the SEP
during the VOCALS experiment. Further, to have a better representation of radiative
forcing due to the aerosol-cloud interaction, we have proposed a new statistical method
to calculate radiative forcing by considering the cloud’s optical properties. Detailed
descriptions of numerical models, satellite data sets, and the statistical approach are
given in section 2. Results of the analysis have been described in section 3, and the
summary and conclusions are presented in section 4.

2 Data and methods

2.1 Regional models

In this study, we have considered simulations from the regional model, WRF-Chem (Grell
et al., 2005), and COSMO-ART (Vogel et al., 2006). In both cases, the simulations were
carried out for the time period of 15 October to 15 November 2008, which were run
continuously in free-running mode. There are two sets of WRF-chem model simulations
carried out by the University of Iowa (IOWA, Saide et al., 2012) and the Pacific Northwest
National Laboratory (PNNL, Yang et al., 2012). The IOWA simulation uses the lateral
boundary condition from the National Centers for Environmental Prediction (NCEP)
global Final Analysis (FNL), and the PNNL uses the lateral boundary condition from
the NCEP’s Global Forecast System (GFS) analyses. The COSMO-ART has been
configured, and simulations are carried out by the Karlsruhe Institute of Technology
(KIT) research group. The COSMO-ART is based on the mesoscale model system
(Vogel et al., 2006). It replaces the meteorological module with an optional weather
forecast model COSMO of the Deutscher Wetterdienst (DWD). The modelling system
consists of gas-phase chemistry, and aerosol dynamics are online coupled with the
COSMO model. The model is initialized and forced with the reanalysis data, the global
meteorological model GME (Global Model of the Earth). A detailed description of the
above-mentioned regional models can be obtained from Wang et al. (2011), Wood et al.
(2011), and Wyant et al. (2015).

2.2 Global models

Although several GCMs are also contributed to VOCALS Rex, we have considered
the Aerosol Comparison between Observations and Models (AeroCom, Myhre et al.,
2013). For this study, we have considered the following models: (i) the global aerosol-
climate model ECHAM6-HAM (European Center for Medium-range Weather Forecast-
ing model, Hamburg version, Zhang et al., 2012), (ii) GISS-modelE (ModelE version
of the Goddard Institute for Space Studies, Koch et al., 2011), (iii) GFDL (Geophysical
Fluid Dynamics Laboratory, Golaz et al., 2011), (iv) HadGEM3 (Hadley Center Global
Environmental Model with the United Kingdom Chemistry and Aerosols, Bellouin et al.,
2011), and (v) two versions of SPRINTARS (Spectral Radiation Transport Model for
Aerosol Species, Takemura et al., 2009) models. The above models are driven by Aero-
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Com emissions for the years 1850 and 2000 (Myhre et al., 2013). A detailed description
of nudging and other model treatments is illustrated in Ghan et al. (2016). To study the
aerosol-cloud interaction, we have used the GCMs with AeroCom emissions for the year
2000 with three hourly outputs. The aerosol-cloud sensitivity analysis is restricted to
the marine stratocumulus clouds over the SEP during the VOCALS intensive experiment
from 15 October 2008 to 15 November 2008. Further, the statistical method to calculate
radiative forcing is only applied to the AeroCom GCMs. Because the statistical method
uses the mean/median change in the LWP over the marine stratocumulus over SEP, that
can be estimated only from the simulations with and without aerosol perturbation. Hence,
we have used present-day and pre-industrial AeroCom solutions to calculate the change
in LWP due to aerosol perturbation. A list of models used in this study, along with their
resolutions, is given in Table 1.

2.3 Satellite observation

Table 1: Details of models used in this study:
No. Models Type Model Resolutions
1. WRF-Chem Regional 0.25◦ × 0.25◦

2. COSMO-ART Regional 0.01◦ × 0.05◦

3. ECHAM-HAM GCM 2.50◦ × 2.5◦

4. HadGEM3 GCM 1.25◦ × 1.875◦

5. GFDL GCM 2.50◦ × 2.5◦

6. GISS GCM 2.50◦ × 2.5◦

7. SPRINTARS GCM 2.50◦ × 2.5◦

We have also used data from the Moder-
ate Resolution Imaging Spectroradiometer
(MODIS, Platnick et al., 2017) onboard
the Aqua satellite. The MODIS satellite
delivers daily information on the average
cloud and aerosol properties within a 1◦

× 1◦ degree resolution (MODIS Level-3
product), with near-global coverage. The
primary quantities of interest when in-
vestigating aerosol-cloud interaction are
aerosol optical depth (AOD) and cloud ef-
fective radius (r4), together with total liquid water path (LWP) and optical depth (g2) of
the cloud. Although CDNC is not retrieved directly, it can be estimated using g2 and A4
that uses the adiabatic assumption (Quaas et al., 2006), is given by; CDNC = U g0.5

2 A−2.5
4 ,

where U = 1.37× 10−5 <−0.5. The CDNC is then filtered for single-layer liquid clouds
with a cloud-top temperature greater than 268 K and pixels with a cloud fraction greater
than 0.9. Additionally, a cloud optical depth of less than two is excluded from the analysis
(Gryspeerdt et al., 2019). The CDNC is a crucial parameter for aerosol-cloud interaction
because it influences cloud albedo by directly linking with aerosol sources (Wood et al.,
2011). The uncertainties in the derived CDNC arise mainly from the cloud droplet
effective radius (Grosvenor et al., 2018; Quaas et al., 2006). Further, they suggested that
in the broken cloud regime and at the low zenith angle, the uncertainties are higher in
the satellite retrieval of CDNC.

In both regional and GCMs, the top cloud CDNC is considered, and the analysis
was restricted to liquid phase clouds. The sensitivity cloud microphysics on aerosol
perturbation is studied using the joint histograms analysed following Gryspeerdt et al.
(2016). In the joint histogram, for instance, the conditional probability is defined as the
probability of finding a certain LWP given that a certain CDNC has been observed (CP
= [P (LWP | CDNC) × 100 ]).
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2.4 Radiative forcing

Atmospheric aerosols play an important role in modifying the Earth’s radiation budget
(Menon et al., 2002; Forster et al., 2007). An aerosol perturbation which alters the
radiative balance at the top of the atmosphere (TOA) is aerosol radiative forcing. It
results in a negative forcing (cooling) at TOA that partly offsets greenhouse warming.
The global mean net radiative forcing estimate at TOA is -0.5 Wm−2 with an uncertainty
of a factor of 2 (Forster et al., 2007). In the global model TOA, radiative forcing is defined
as the difference between the radiative fluxes in the absence (pristine pre-industrial) and
the presence of aerosol (present-day) (Loeb and Manalo-Smith, 2005). This radiative
flux perturbation is a valid option for studying the forcing in different models (Lohmann
et al., 2010). In this study, we have used AeroCom models (detailed description in
section 2.2) with a baseline state of the atmosphere under pre-industrial conditions and
the present state of the atmosphere under present-day conditions (Myhre et al., 2013).
From these simulations, aerosol radiative forcing can be expressed as,

Δ� 5 = (�↓
=4C − �

↑
=4C)%� − (�↓

=4C − �
↑
=4C)%�

where, �=4C = Shortwave + Longwave, PD = Present day, and PI = Pre-industrial
(1)

Similarly, from the pre-industrial and present-day model simulation, one can also
estimate the net radiative forcing at TOA using cloud optical properties. For this, one
can use a joint histogram of CDNC (N3) and LWP (L), one can choose most likely LWP
corresponding to mean/median CDNC (N3) for present-day and pre-industrial scenarios,
the difference between the two LWP (L) isΔL. With present-day g2, N3 ,ΔL and assuming
one of the g (asymmetry parameter)values (for example, g = 0.85), one can calculate the
change in planetary albedo ΔU

ΔU =
5
6
(1 − 6) (02 − 01)
(g2 (1 − 6) + 02)2

g2

!
Δ !

Where a1 and a2 are constants, the corresponding values are 0.092, 1.43 respectively .
Along with the TOA, incoming solar radiation F↓

B and fractional coverage with liquid
clouds f;8@ yields TOA radiative forcing and can be expressed as (Quaas et al., 2008),

Δ�2 = − 5;8@�
↓
BΔU (2)

In this study, the radiative forcing is representative of the months October and Novem-
ber, the intensive VOCALS experiment period and the forcing estimates are restricted to
GCMs.

3 Results

3.1 Satellite climatology: aerosol optical depth and cloud optical properties

The monthly climatology of MODIS aqua-derived aerosol and cloud optical properties
over SEP has been analyzed for the period of 15 October to 15 November 2004 - 2014.
Fig. 1 shows the climatology of the spatial distribution of AOD, cloud fraction (CF), LWP,
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Table 2: The net (Shortwave + Longwave) radiative forcing at the TOA over SEP:

No Models
ΔF2 at

TOA (W m2)
AOD CDNC (c m−3) LWP (g m−2)

Flux
method

Statistical
method

PD PI PD PI PD PI

1 ECHAM-HAM -1.64 -0.47 0.074 0.067 67 55 102.10 107.52
2 GFDL -1.25 -3.29 0.076 0.058 22 11 61.84 46.77
3 HadGEM3 -3.58 0.78 0.098 0.072 73 56 75.11 72.16
4 GISS -1.59 0.49 0.062 0.054 177 138 133.10 192.84
5 SPRINTARS -1.03 1.05 0.071 0.063 50 47 111.80 111.71
6 SPRINTARS∗ -1.08 1.08 0.066 0.058 51 47 96.39 95.23

R.F.: Radiative Forcing;
PD: Present Day
PI: Pre-Industrial
SPRINTARS∗: SPRINTARS-KK

However, the negative radiative forcing didn’t show any signs of the aerosol-cloud
interaction (diverse CDNC-LWP sensitivity in GCMs); the statistical method could
circumvent it. Similar to the diverse CDNC-LWP relation, the radiative forcing estimated
using the statistical method shows different forcing in the GCMs. The ECHAM-HAM
and GFDL models show similar radiative forcing (negative) in the statistical and the flux
method. In the flux method, the estimated radiative forcings are -0.47 and -3.29 W m−2,
respectively, for the ECHAM-HAM and GFDL. The rest of the models depict positive
radiative forcing of 0.776, 0.495, 1.051, and 1.08 W m−2, respectively, for the models
HadGEM3, GISS, and SPRINTARS. The CDNC-LWP joint histogram analysis shows a
positive CDNC-LWP sensitivity in ECHAM-HAM and GFDL models. It implies that,
as the CDNC increases, the LWP also increases, which leads to a negative radiative
forcing. However, the rest of the GCMs are susceptible to a negative CDNC-LWP
sensitivity, resulting in the positive radiative forcing. The statistical approach accounts
for the effect of aerosol on the cloud’s microphysical properties in the climate models,
resulting in the diverse magnitude of the radiative forcing. Further, it can be due to the
cloud microphysics (marine stratocumulus) parameterization in respective GCMs. The
global liquid cloud fraction climatology from the GCMs shows large spatial and inter-
model variability. Besides the SPRINTERS models, SEP marine stratocumulus clouds
are represented quite well in the models, with varying magnitudes, though. Additionally
the cloud representation in the GCMs, the factor contributing to the statistical radiative
forcing is the sign of the ΔL (change in LWP, ΔL = L?3 − L?8). Thus, it is noticed
that in the ECHAM-HAM and GFDL models, marine stratocumulus clouds are more
susceptible to aerosols (-ΔL), resulting in a negative radiative forcing. However, in
other GCMs, the marine stratocumulus clouds are not susceptible to aerosol perturbation
(+ΔL), resulting in a positive radiative forcing.

4 Summary and conclusions

The aerosol-cloud interaction in the marine stratocumulus cloud over the SEP has been
invested using satellite observation and multi-model simulations. The MODIS climatol-
ogy of AOD indicates that SEP is a region of relatively low aerosol loading. The SEP
coastal and adjoining regions are relatively polluted compared to the maritime atmo-
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sphere. Over the SEP, the MODIS AOD varies between 0.1 to 0.6. The CF climatology
shows there is a persistent cloud cover over the ocean, which attributes to the marine
stratocumulus deck over the SEP. The annual mean CF exceeds 60% in most regions,
except over the coast, where topographic irregularities exist. The corresponding LWP is
dominant over the coastal region, which varies between 30 to 300 g m−3. Additionally,
the CDNC climatology shows a latitudinal gradient with maximum CDNC observed in
the coastal region. It is consistent with previous studies (Wyant et al., 2015).

To explore the cloud susceptibility to aerosol loading, we have used a joint histogram
of AOD-CDNC and CDNC-LWP. The MODIS satellite analysis shows that on both
monthly and climatological time scales, the AOD-CDNC relation shows a dominant
positive relation, despite the non-linearity at lower AOD. In contrast, the CDNC-LWP
shows a negative sensitivity. A positive AOD-CDNC suggests the cloud albedo effect in
the marine stratocumulus clouds (Twomey, 1977; Albrecht, 1989). However, the CDNC-
LWP relation shows that the cloud albedo effect (a positive CDNC-LWP relation) is
observed only at lower CDNC. The CDNC-LWP relation is dominant, with a negative
CDNC-LWP sensitivity that accounts for the cloud droplet entrainment and evaporation
(Han et al., 2002).

Further, we have explored aerosol-cloud interaction over the SEP using regional and
climate model simulations. The joint histogram analysis shows that both WRF-chem
models show a relatively strong AOD-CDNC relation in the regional model compared
to the COSMO-ART model. The weak AOD-CDNC relationship in the COSMO-ART
model may be due to the poor representation of aerosols in the model compared to
WRF-chem. The PDF shows that the AOD distribution is skewed to the right in the
COSMO-ART. However, the CDNC shows the normal distribution in the COSMO-ART,
which is comparable with WRF-chem. Furthermore, besides the SPRINTERS model,
the GCMs also show a positive AOD-CDNC sensitivity over the SEP region. In the
case of the CDNC-LWP sensitivity, both the WRF-chem models show a strong negative
relationship. At the same time, in the COSMO-ART, the CDNC-LWP shows a strong
positive relationship. Likewise, the Aerocom models also depict a diverse CDNC-LWP
relationship. In ECHAM-HAM and the GFDL model, a positive CDNC-LWP relation
is observed, whereas a negative CDNC-LWP relation is seen in HadGEM, GISS, and
SPRINTARS models, respectively.

From the satellite analysis, it is noticed that the AOD-CDNC relation mainly accounts
for the cloud lifetime or cloud albedo effect. However, the non-linear CDNC-LWP
relation suggests both cloud albedo and entrainment effects. In the case of AOD-CDNC
sensitivity derived from the models, most of the model represents the cloud albedo
effect. It suggests that, as the aerosol concentration increases, the CDNC also increases,
leading to the cloud albedo effect, consequently, a negative radiative forcing. Notably,
all the GCMs reveal a negative radiative forcing at the TOA while using the flux method,
which is similar to the global mean radiative forcing. However, the radiative forcings are
diverse when we use the statistical method, which would also consider the effect of LWP
sensitivity to aerosol perturbation. The above analysis suggests that the flux-derived
radiative forcing results in net cooling at the TOA irrespective of the model, even though
aerosol and cloud parameterizations are treated differently. Further, the GCM models
are tuned radiatively to get similar radiative forcing at the TOA. So our analysis suggests
that the statistical approach using planetary albedo and cloud properties would be more
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appropriate for radiative forcing estimates in which aerosol-mediated indirect effects
are also considered. Importantly, the statistical method assumes that the CDNC-LWP
sensitivity is linear and the LWP is susceptible to aerosol loading. However, recent
studies (in addition to this analysis) suggest that the CDNC-LWP relation is non-linear
(Gryspeerdt et al., 2019). So further research would be needed to improve the statistical
method to predict the radiative forcing.
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Summary: Aerosol-cloud interactions are a major uncertainty in estimating the an-
thropogenic climate change. Adjustments of cloud properties to an aerosol perturbation
concern among others the cloud fraction, and have been emphasised as particularly
complex.

Cloud adjustments can generate important responses on the distribution of cloud
horizontal sizes. We derive the cloud-size distribution as observational constraint for the
cloud-fraction response from high-resolution Landsat satellite data. The goal is to carry
out long-term trends in cloud sizes and cloud fraction over Europe during 1985–2018 to
investigate the impact of major aerosol reductions during that time. Landsat data with
a high spatial resolution of 30 m was preprocessed via the web-based platform Google
Earth Engine to evade the obstacle of high computational effort and time to handle the
comprehensive data archive.

The observed multidecadal trends indicate a widespread increase in cloud fraction
during 1985–2018. This corresponds to a decrease in the number of small clouds of
several 10–100 m cloud length, whereas larger clouds (1 km and more), which contribute
more to the cloud fraction, became more numerous. We confirm this by showing a large-
scale decrease of the power-law exponent describing the relative abundance of small and
large clouds in the cloud-size distribution. Even though we can interpret the observed
changes in cloud properties as significant trends, we do not explicitly identify a clear
aerosol signal. Untangling the pure aerosol effect from other confounding factors (e.g.,
the local meteorology) is therefore left as an outlook for subsequent studies.

Zusammenfassung: Aerosol-Wolken-Wechselwirkungen stellen eine große Unsicher-
heit in der Quantifizierung des anthropogenen Klimawandels dar. Die sekundären Anpas-
sungen von Wolken an eine Veränderung atmosphärischer Aerosolkonzentrationen be-
treffen beispielsweise den Wolken-Bedeckungsgrad und sind besonders komplex. Wolke-
nanpassungen können sich in der Veränderung der Wolkengrößen-Verteilung wider-
spiegeln. Wir präsentieren eine Methode, um mittels Beobachtungen der Wolkengrößen-
Verteilung zeitliche Veränderungen in Aerosol-Wolken-Wechselwirkungen nachzuweisen.

Wolkengrößen-Verteilung und Wolkenbedeckungsgrad wurden mittels hochauflösender
Satellitendaten der Landsat-Serie berechnet. Das Ziel ist es, langjährige Trends im
Wolkenbedeckungsgrad über Europa im Zeitraum 1985–2018 herzuleiten und ggf. den
Einfluss stark rückläufiger Aerosolkonzentrationen während dieser Zeit zu identifizieren.
Landsat-Daten haben eine räumliche Auflösung von bis zu 30 Metern. Um die damit
verbundenen großen Datenmengen prozessieren zu können, nutzen wir die Web-basierte
Plattform Google Earth Engine.
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Unsere langjährigen Trends zeigen eine großskaligen Zunahme im Wolkenbedeck-
ungsgrad zwischen 1985 und 2018. Dies ist zurückzuführen auf einen relativen Rück-
gang in der Anzahl kleinerer Wolken (einige 10 bis 100 Meter Länge), während größere
Wolken (mehrere Kilometer), welche mehr zum Bedeckungsgrad beitragen, häufiger wur-
den. Dies zeigt sich im negativen Trend des Power-Law-Exponenten der Wolkengrößen-
Verteilung, welcher die relative Anzahl kleiner und großer Wolken beschreibt. Auch
wenn sich diese Beobachtungen als signifikante Trends herausstellen, identifizieren wir
darin kein klares Aerosol-Signal. Die Isolierung des puren Aerosoleffekts von anderen
beeinflussenden Faktoren, wie der lokalen Meteorologie, bietet einen Ansatzpunkt für
aufbauende Studien.

1 Introduction

Clouds are important regulators of the Earth’s energy balance due to their strong impact
on fluxes of incoming shortwave radiation (SWR), and outgoing longwave radiation
(LWR) that is emitted by the Earth. Since clouds interact with both SWR and LWR,
small changes in cloud properties may have important implications on the Earth radiation
budget (Boucher et al., 2013; Cubasch et al., 2013).

Several human impacts have the potential to alter cloud characteristics and abundance.
Among these are changes in anthropogenic aerosol emissions. Aerosol particles serve
as cloud condensation nuclei (CCN) in almost all liquid-water nucleation processes,
thereby mediating cloud radiative properties (Lohmann and Feichter, 2005). Aerosol-
cloud interactions (ACIs) have an important impact on the top-of-the-atmosphere (TOA)
radiative effect, but still contribute largely to the uncertainty in quantifying anthropogenic
climate change (Boucher et al., 2013).

It is commonly known that changes in the amount of aerosol particles can impact
the number concentration of cloud droplets which affects the cloud albedo (Twomey,
1974). However, there are conflicting results on the sign of the RF arising from cloud
adjustments, making it particularly challenging to understand the full impact of ACIs
(e.g., Jiang et al., 2006; Xue et al., 2008; Small et al., 2009).

Those adjustments concern the aerosol effect on cloud properties like the cloud lifetime,
liquid water path (LWP), and the cloud fraction (CF): It is likely that an increased state
of pollution corresponds to more numerous, but smaller droplets at initially unchanged
LWP (Twomey, 1974). Some clouds (e.g., warm boundary layer clouds) can adjust
to the smaller droplets through the suppression of precipitation. This process is widely
known as “lifetime effect” as it potentially extends the residence time of cloud condensate
(Albrecht, 1989).

However, several model-based and observational studies reinforce that a non-linear
relationship exists within the cloud adjustments (e.g., Jiang et al., 2006; Xue et al., 2008;
Small et al., 2009). Other processes can feed back on cloud radiative properties as a
consequence of initially changed CCN. Those processes include possible evaporation
feedbacks that can reduced cloudiness as a consequence of an increase in aerosol con-
centrations. The feedbacks thereby counteract the lifetime effect and have the potential
to offset a significant fraction of the Twomey effect (Gryspeerdt et al., 2018).

We speculate on the role of cloud horizontal sizes and propose that small and large
clouds likely show different responses to changing aerosol concentrations: The addition

Wiss. Mitteil. Inst. f. Meteorolo. Univ. Leipzig Band 60 (2022)

107



of aerosols may increase the size of large clouds as they are less susceptible to evaporation
drying. On the other hand, if small, non-precipitating cumulus clouds experience an
aerosol perturbation, they can respond in a manner incongruent with the lifetime effect,
due to their higher surface-to-volume ratio, which feeds back positively on the cloud size
(Jiang and Feingold, 2006; Xue and Feingold, 2006; Small et al., 2009).

Based upon this, we enforce the hypothesis that through a changing aerosol con-
centration the cloud-size distribution (CSD) shifts as response to either lifetime and/or
evaporation feedbacks. This potentially provides an observational constraint for the
aerosol effects on cloud lifetime and CF which are often assumed to be correlated (Jiang
et al., 2006).

To test this hypothesis, we make use of the large-scale reduction of the aerosol load
over Europe during past decades: We estimate the CF response by deriving CSDs from
high-resolution Landsat data during the period where aerosol concentrations haven been
decreasing. The satellite data was provided and preprocessed by the web-based platform
Google Earth Engine (GEE) to manage the vast amount of data. A main attempt of this
study was to show the capability of exploiting the Landsat-GEE community for deriving
trends in CSD and CF over Europe during 1985–2018.

The leading scientific questions of this work are defined as the following: 1) What
cloud changes have occurred during recent decades? 2) Are the trends real or spurious,
and if real, can they be attributed to the European aerosol decrease since the late 1980s?

This section is followed by a methodological description of estimating CSDs and CF
from satellite data. Results are presented as pan-European and long-term averaged CSD
firstly. Secondly, we show interannual trends of CSD and CF over Europe 1985–2018.
Finally, results are discussed in terms of potential ACIs over Europe from a reduction in
aerosols.

2 Data and methods

The cloud-size distribution = is commonly known to follow a negative sloping power-law
relation in terms of the cloud length ! (or area):

=(!) = U!−V. (1)

The power-law distribution was previously documented for satellite observations and
large eddy simulations, and also applies for global data sets. The latter has been demon-
strated by Wood and Field (2011). We follow their method and derive =(!) by adding
up the total number of clouds #8 with lengths between (approximately logarithmic) bin
boundaries !i− and !i+, and dividing by the respective bin width and total transect length
�tot:

=(!) = #i

�tot(!i+ − !i−)
. (2)

For a given cloud field that conforms to a power-law distribution, the cloud fraction
can be derived by integrating !=(!) over !,

CF(!min, !max) =
∫ !max

!min

!=(!)3!, (3)
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Figure 1: European research domain showing all Landsat footprints in the region. The
spatial attribution follows the path/row WRS-2.

with !min and !max being the smallest and largest detectable scale, respectively.
We use Landsat data from 1985 to 2018 which provides a powerful tool to resolve

cloud fields at 30 m horizontal size. To take full advantage of the massive data amount,
we use GEE which provides access to high-performance computing resources to process
large geospatial data volumes. We use data from the USGS Collection-1 Tier-1 TOA
reflectance archive from Landsat 5, 7 and 8. Data from Landsat 7 was included only
within 1999–2003 due to a scan-line correction failure which would have affected the
results onward from May 2003. Also, the year 2012 is not represented here due to the
data gap following the fail of the Landsat-6 mission.

Landsat images are provided within so called footprints/tiles that are spatially classified
by satellite path and row according to Worldwide Reference System-2 (WRS-2). Figure 1
gives a map of all tiles considered as our research domain. In total, 143 Landsat tiles were
chosen to represent a wide range of the European continent. Each tile has an approximate
horizontal size of 200×200 km, and contains around 7000×7000 pixels on average, with
8–11 bands depending on the Landsat mission.

All files within the data collection were passed on to a cloud-masking GEE internal
algorithm. From the binary mask, we derive cloud lengths in two different sampling
directions (in North-South and West-East alignment) by counting horizontally contiguous
cloud pixels between the clear boundaries. A simplified sketch of a cloud-mask example
and the sampling in each direction is illustrated in Fig. 2. If the first or last pixel of a
given stripe contains a cloud, the corresponding cloud length is initially excluded due to
the chance of extending beyond the satellite scene. Each Landsat pixel has a horizontal
resolution of 30 m.

We calculate the CSD corresponding to Eq. 2. By ignoring all clouds touching the
scene boundary, a size-dependent sampling bias arises since large clouds are more likely
being excluded. Wood and Field (2011) address this error by introducing a correction
term to Eq. 2. However, applying the correction to the Landsat data was set aside here,
since the main interest was to quantify how the CSD changes over the years. Since the
image size among all Landsat files does not show distinct variations, the error can be
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Figure 3: Observed pan-European CSD, =(!) on the y-axis as temporal average for
the time period 1985–2018 (triangles). The exponent V of the power-law is estimated
with V = 1.73. Pearson’s correlation coefficient for the regression is A = 0.996. 50
logarithmically spaced bins are used to display the distribution. For larger cloud sizes,
the distribution deviates from the power-law due to a horizontal scale break (gray
triangles).

between observation and fit. The power-law exponent over Europe spatially varies with
1.63 ≤ V ≤ 1.83, so that the overall scaling exponent can be quantified as V = 1.73±0.10
to account for regional variations.

3.1 Interannual cloud-size distribution trends

Trends in the CSD are derived by grouping the cloud sizes per year, so that each time step
accounts for an annual average of the distribution. We do not account for seasonality.

The pan-European trend of the horizontal exponent V during 1985–2018 is represented
in Fig. 4. Panel (a) accounts for data averaged over all 143 Landsat tiles of the research
domain. The data indicate an overall dropping horizontal exponent over Europe. The
overall trend is not monotonic and includes a period of increasing V during 2000–2010.

However, not all time series within individual Landsat footprints give trends that
are statistically significant. Panel (b) only includes the data of satellite footprints with
robust trends. To ensure the practicability of the linear trend model, we filter among the
tiles by excluding all local trends with linear correlation coefficients below 0.4, and a
root-mean-square error (RMSE) above the domain-average value.

When including only robust individual time-series, the trend increases from−1.6 ·10−3

to −3.7 ·10−3 per year with larger correlation (A = 0.81), while increasing the error range
due to the reduced amount of data (only 21 grid boxes passed the filtering procedure).
The corresponding tiles that passed the significance filter are marked in Fig. 5, showing
the spatial distribution of trends widespread over Europe. From the 21 tiles that passed
the filtering, 17 are found on land and appear in the map as crosses within the respective
region.

All statistically significant grid-box trends support a long-term decrease in the power-
law exponent. The corresponding regions are mostly found over Germany and in some
parts of France, Great Britain, and the Benelux. Considering the entire domain, regions
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Figure 4: Pan-European trends of the power-law scaling exponent V 1985–2018, (a)
without filtering, and (b) after filtering, as raw data (larger empty squares), and low-
frequency variability (5-yr moving average time series; filled smaller squares). The
filtering in (b) excludes all Landsat footprints with individual correlation coefficients
A < 0.4, and a RMSE > RMSE (domain average), respectively. Error bars are indicated
as standard error of mean. A linear regression fit is used to derive the trend in V

1985–2018.

with negative trends dominate the geographic pattern.
In summary, there was an overall dropping horizontal scaling exponent describing

the CSD over Europe during 1985–2018, with locally significant trends supporting the
result. The negative trend corresponds to a large-scale pivoting of the negative power-
law slope as result of both a decreased number of small clouds, and an increase in the
number of larger cloud fields. The latter was not specifically shown here, but confirmed
by considering the pan-European trend of cloud number separately within different size
bins: Smaller cloud bins indicated a negative trend, whereas for larger clouds the number
increased over the years.

3.2 Interannual cloud fraction trends

In a final step, records of CF are derived by integrating the CSD according to Eq. 3. The
contribution of clouds with horizontal scales from 30 m to 30 km (1 px to 1000 px) to the
CF is henceforth referred to as “total” CF. This should not be associated with the real
cloud cover, but the partial CF from clouds within the size range satisfying a power-law
distribution. The actual CF was reduced not only by considering a limited range of
cloud horizontal sizes, but also since all cloud fields outranging the Landsat footprint
dimension (∼ 200 km) are automatically neglected. The same applies for clouds touching
the boundaries of the satellite scene. Moreover, Landsat T1 data precautionarily excludes
heavily clouded scenes from the data set due to low quality conditions. Therefore, it can
be assumed that in reality the CF was larger.

Fig. 6 shows the pan-European trend in the total CF over Europe (blue), and moreover,
the individual contribution from different cloud size bins. The partial CF is derived
as contribution from clouds with 30–300 m (1–10 px), 300–3000 m (10–100 px), and
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4 Discussion

For deriving trends in cloudiness over Europe we adapt the method of Wood and Field
(2011) to determine CSDs by cloud segment length. The primary result of deriving an
overall CSD over Europe including the entire Landsat collection is the emergence of a
power-law fit that spans over three orders of magnitude of cloud horizontal scales ranging
from 30 m to 30 km. The quantification of the overall exponent with V = 1.73 is in good
agreement with previous studies using observational data sets but also from numerical
simulations (Guillaume et al., 2018). The power-law is further valid when breaking
down the data set to account for regional and annual distributions. The tile-specific
power-law exponent remained below the scaling threshold 2. This supports the common
knowledge that the cloud cover is dominated by larger clouds, whereas the contribution
to the number density increases towards smaller cloud sizes.

To circle back to the previously defined research question, our first attempt was to
identify potential cloud changes in our data set of CSDs during past decades. The pan-
European trend in the CSD indicates a large-scale decrease in the number of small clouds,
together with an increase in the relative abundance of larger cloud fields of several 100 m
length and more. The reduction/increase in the number of small/large clouds reflects in
the corresponding trends of partial CFs. Overall, there was an increase in the total CF
during 1985–2018 widespread over Europe, which becomes monotonic by filtering the
entire data for robust trends among the grid boxes.

But are there trends real, and if so, can they be attributed to the European aerosol
decrease since the late 1980s? The cloud record is in alignment with the findings
of Norris and Wild (2007), who showed an overall dropping downward solar cloud-
cover radiative effect due to an increasing CF during 1987–2002. They estimate the
enhancement in cloudiness with +0.9± 1.7 % per decade. The Landsat data set accounts
for a CF trend of +0.4 % per decade within the unfiltered trend, and +1.5 % per decade
for the filtered time-series, which matches the estimated range of Norris and Wild (2007).

Norris and Wild (2007) attribute the cloud record to natural weather and climate
variability since a long-term increase in cloud cover occurred at the same time as aerosol
concentrations decreased. However, this argumentation alone might not be enough to
exclude a major impact of the European aerosol concentration decrease. Clouds can
adjust through other processes than precipitation suppression. However, according to
recent conclusions of Rosenfeld et al. (2019), the isolation of the pure aerosol effect
most likely results in an overall positive correlation that is indeed mainly mediated by
the aerosol effect on coalescence and precipitation.

Another point of interest is the role of cloud horizontal sizes in the cloud adjustments.
Our hypothesis suggests that individual cloud-size classes might respond in a different
manner to an aerosol perturbation: Smaller clouds are more exposed to entrainment
drying due to their surface-to-volume ratio. However, our observational data suggests a
decrease in the number of smaller clouds and the corresponding partial CF, even though
aerosol loads have been dropping. The opposite is true for larger clouds, which would
not be expected from a pure aerosol impact.

Rosenfeld et al. (2019) attribute negative aerosol-CF relationships from previous stud-
ies to an effect of local meteorology. The CF response appears to be strongly tied
to atmospheric conditions (e.g., ambient relative humidity) that can obscure the actual
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aerosol effect. But do local meteorological conditions reflect in our observed CF trend?
For individual cloud records among the grid boxes, the trends were mostly weak and of

low statistical significance, so that the signal-to-noise ratio would justify the attribution
to natural variability. Moreover, local minima within the cloud record fall together
with noteworthy drought years, e.g., 2003, 2015, and 2018 (see again Fig. 6 (a) and (b),
without low-frequency filter). Those drought events are mostly driven by precipitation
deficits and rising temperatures (Hanel et al., 2018). This gives us another indication of a
likely impact of local meteorology on the CF trend. Additionally, a negative aerosol-CF
relationship has been found in several studies before, and was interpreted as effect of
local meteorology and climate variations (Sato and Suzuki, 2019).

The remaining question is whether cloud changes are entirely explained by natural
internal variability or whether they can be attributed to ACIs by further resolving the
data set spatially and temporally. By mapping annual grid-box trends, some areas show
a decrease in CF (e.g., Benelux regions, parts of Eastern Germany and Czech Republic).
However, these trends are not significant and interpreting them within the context of
ACIs is premature. It remains unclear what else impacts the cloud record and to what
extent local trends are individually affected.

5 Summary and conclusions

In this study, we derive CSD and CF trends over Europe during 1985–2018, including
satellite data from Landsat 5 to 8. During this time, the European aerosol burden
experienced a large-scale decrease, which has likely led to a decrease in cloud albedo
onward from the late 1980s (Krüger and Graßl, 2002; Norris and Wild, 2007). However,
ACIs might have been additionally mediated by cloud adjustments concerning properties
like the CF.

So far, scientists have not reached a consensus on the sign of the aerosol-CF relationship
due to the coexistence of precipitation suppression (Albrecht, 1989), and evaporation
feedbacks (Ackerman et al., 2004; Small et al., 2009) which might either increase,
or decrease cloudiness through an increase in aerosol numbers. We use the CSD as
observational link, derived from the Landsat-GEE data catalogue and computational
routines. Due to its general spectral characteristics and long-term data record, Landsat
data has the potential to carry out multidecadal cloud studies.

Our derived European CSD follows the expected power-law relation, and shows a
larger relative abundance of small clouds over large clouds. The co-variation of slope
and intercept of the power-law distribution further allows for the derivation of CFs from
the represented clouds sizes. The observations indicate an increase within the pan-
European CF during 1985–2018, thereby suggesting a negative relationship between
aerosol amount and CF. However, considering the results of recent studies, the isolated
aerosol-CF effect is more likely represented by a positive relationship (Gryspeerdt et al.,
2016; Rosenfeld et al., 2019).

We still consider the change in CSD and CF a real trend. However, based on current
knowledge it is more likely that other confounding factors contributed to the trend rather
than the European aerosol reductions. We speculate on the impact of local meteorology
and climate variability which can obscure the aerosol impact on clouds.
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As articulated before, additional data (e.g., trends in temperature and precipitation)
need to be considered within the chain of causality between aerosol amount and CF
to isolate potential adjustments embedded in ACIs. More attention should be payed to
robust trends indicated within individual cases, as they might outweigh both the effect
of natural variability, and spurious trends from satellite retrieval anomalies. This topic
is left as an outlook for subsequent studies.
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