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Summary: A new German research consortium is investigating the causes and effects
of the rapid rise of near-surface air temperatures in the Artic. Within the last 25 years a
remarkable increase of the Arctic near-surface air temperature exceeding the global
warming by a factor of two to three has been observed. The phenomenon is commonly
referred to as Arctic Amplification. The warming results in rather drastic changes of a
variety of climate parameters. For example, the Arctic sea ice has declined
significantly. This ice retreat has been well identified by satellite measurements.
However, coupled regional and global climate models still fail to reproduce it
adequately; they tend to systematically underestimate the observed sea ice decline.
This model-observation difference implies that the underlying physical processes and
feedback mechanisms are not appropriately represented in Arctic climate models.
Thus, the predictions of these models are also likely to be inadequate. It is mandatory
to identify the origin of this disagreement.

Zusammenfassung: Ein neu geschaffenes deutsches Forschungskonsortium
untersucht die Ursachen und Effekte des rapiden Anstiegs der bodennahen
Lufttemperatur in der Arktis. Innerhalo der letzten 25 Jahre wurde ein
bemerkenswerter Anstieg der Bodenlufttemperatur in der Arktis beobachtet, welcher
die globale Erwarmung um den Faktor 2 bis 3 Ubersteigt. Dieses Phdnomen wird als
arktische Verstarkung bezeichnet. Diese Erwé&rmung resultiert vielmehr in einer
drastischen Anderung einer Vielzahl von Klimarparametern. Beispielsweise ist das
arktische Meereis deutlich zurlickgegangen. Dieser Eisriickgang wurde durch
Satellitenbeobachtungen gut beobachtet. Dagegen haben regionale und globale
Klimamodelle immer noch Probleme, den Riickgang entsprechend zu reproduzieren.
Sie tendieren dazu, den Meereisriickgang systematisch zu unterschédtzen. Die
Unterschiede zwischen Modell und Beobachtungen legen nahe, dass die
grundlegenden physikalischen Prozesse und Rickkopplungsmechanismen nicht
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entsprechend in arktischen Klimamodellen représentiert werden. Somit sind
wahrscheinlich auch die VVorhersagen der Modelle unzureichend. Es ist notwendig, den
Ursprung dieser Unstimmigkeit zu identifizieren.

1. Introduction

Parts of this paper were published in Wendisch et al., 2017. For meteorologists and
climate scientists, the Arctic is one of the most interesting regions on Earth. Here,
climate changes currently take place at an unprecedented pace and intensity, and the
reported dramatic changes have not been completely anticipated. The Arctic is
warming more rapidly than the rest of the world, a process referred to as the Arctic
Amplification.
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Fig. 1: Mean temperatures (by location and year, measured in Kelvins), shown as
deviations from 1951-1980 mean temperatures. The increase in red areas in more
recent years indicates global warming. The area inside the black box shows how this
warming is amplified in the Arctic. The data have been provided by the NASA
Goddard Institute for Space Studies.

Over the past 25 years, scientists have observed a remarkable increase of near-surface
air temperatures, which exceeds the global warming by a factor of 2 to 3 (Figure 1). To
find out why this is happening, in January 2016 the German Research Foundation
(Deutsche  Forschungsgemeinschaft, DFG) launched a new Transregional
Collaborative Research Center (TR 172) called “Arctic Amplification: Climate
Relevant Atmospheric and Surface Processes, and Feedback Mechanisms.”

This effort, known by the abbreviation (AC)3 has as its overarching scientific
objectives the identification, investigation, and evaluation of key processes involved in
Arctic Amplification; improving the understanding of the major feedback
mechanisms; and quantifying the relative importance of these mechanisms.
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Our current understanding of the rapid changes in the Arctic climate implies that
atmospheric processes likely dominate the short-term warming mechanisms involved.
Thus, research in (AC)3 has an atmospheric focus during its Phase I, which was
approved to obtain funding by DFG from January 2016 to December 2019. In Phases
Il and Il the researchers of TR 172 plan to investigate the interactions between
oceanic and atmospheric components more thoroughly.

The project is organized in 5 project Cluster. Project Cluster A characterizes the fluxes
of energy in the Arctic boundary layer, while Cluster B investigates clouds, aerosol
particles, and water vapour. Cluster C addresses surface-atmosphere interactions and
processes. Large-scale atmospheric circulation patterns and transport are investigated
in Cluster D. Project Cluster E aims to synthesizing and synergistically combining the
observation analyses of Clusters A-D by linking the results of observations and
simulations. Altogether, the project consists of 19 individual sub-projects..

2. Recent Arctic Climate Changes

As a consequence of the recent drastic warming in the Arctic, other climate variables
will also be affected dramatically [Serreze and Barry, 2011]. For example, routine
satellite measurements have documented an enormous decline in the extent of the
Arctic sea ice, which is even more than models predicted [Stroeve et al., 2012; Jeffries
et al., 2013]. The past nine years of satellite data have revealed the six smallest annual
minima of sea ice extent since appropriate and reliable satellite observations began in
1979. The recent decline is larger than any observed in more than 1400 years [Kinnard
et al., 2011]. Climate models predict that the summer Arctic sea ice may completely
vanish by the end of the 21st century or earlier.

Not only is the Arctic sea ice extent shrinking, but so is its thickness [Lindsay and
Schweiger, 2015]. The reduced summer sea ice in the Arctic results in larger areas of
thinner first-year ice forming during the subsequent winters. The average thinning of
the Arctic sea ice causes a higher transmission of solar radiation into the ocean and
enhanced heat energy fluxes from the ocean to the atmosphere. It also accelerates
transpolar ice drift, a migration of ice from Russia's Siberian coast across the Arctic
basin, resulting in an increased export of sea ice into the North Atlantic off the eastern
coast of Greenland. The thinner sea ice is also more vulnerable to storms like the
major Arctic cyclone in summer 2012,

The extent of the summer snow cover in both Eurasia and North America reached a
record low in June 2012 [Shi et al., 2013]. In contrast, autumn snow cover over
Eurasia has tended to increase in recent years, enhancing the strength of the Siberian
high-pressure system during winter. This change in snow cover strongly affected the
surface albedo of the Arctic land areas, the length of the growing season, the timing
and dynamics of spring river runoff, the thawing of permafrost, and the wildlife
population.

A continued amplified warming in the Arctic is also expected to decrease the
temperature gradient between the Arctic and midlatitudes, which is supposed to
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influence the meandering of the polar jet stream and wind patterns [Walsh, 2014].
Consequently, this might increase the probability of extreme weather events in the
midlatitudes, including colder winters and summer heat waves.

3. Models have Room for Improvement

Unfortunately, coupled regional and global climate models do not yet unambiguously
reproduce the recent drastic changes of Arctic climate parameters. For example, they
systematically underestimate the decline of observed sea ice extent. These significant
differences between models and observations imply that the climate models do not
adequately describe the underlying physical processes and feedback mechanisms in the
Arctic. As a result, the projections from these models are also likely to be inadequate
and not yet fit for use.

As human influence on climate increases, more significant and potentially drastic
climate changes in the Arctic are likely, although the accuracy of current projections is
uncertain. These changes will have perceptible socioeconomic and ecological
consequences for marine transportation, fisheries, ecosystems and ecosystem services,
and tourism, as well as for oil, gas, and mineral exploration. It is thus a matter of
urgency to qualitatively and quantitatively improve our knowledge of the Arctic
climate system and the accuracy of its prediction.

4. How the Arctic is Unusual

The Arctic climate exhibits many unique features. For example, the sun does not rise
high over the horizon, and seasonal variations in daylight are extreme (polar day and
night). Bright ice and snow cover provide a highly reflective surface, low-level mixed-
phase (water and ice) clouds are quite frequent, and the prevailing atmospheric
boundary layer is specially shallow in the Arctic. These special characteristics
profoundly influence physical and biogeochemical processes and atmospheric
composition, as well as meteorological and surface parameters in the Arctic.

Several feedback mechanisms are particularly effective in the Arctic, and these
generally increase the sensitivity of the Arctic climate system (Figure 2). The most
famous and already well-studied feedback mechanism is the surface albedo effect,
which reinforces warming over highly reflecting surfaces worldwide but is amplified
even more in the Arctic. The increased near-surface air temperature causes a melting
of the sea ice and snow cover. This reduced coverage, in turn, exposes less reflective
surfaces, including open seawater, bare ground, and vegetated land. The less reflective
surfaces absorb more solar radiation, which warm the land surface and the upper
oceanic mixing layer, enhancing the energy fluxes from the surface to the atmosphere,
which increases the near-surface air temperature even further.

The surface albedo effect amplifies global warming in the Arctic, and other changes
might intensify this warming even further. Such changes include meridional (north—
south, or vice versa) atmospheric and oceanic mass transport processes and related
modifications of vertical turbulent exchange of energy between the ocean and the
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atmosphere. A warmer ocean surface could increase the atmospheric water vapor
amount and enhance the occurrence of clouds in the atmosphere, which warm the
lower atmosphere by radiating heat downward. An increase in the abundance of soot
aerosol particles could enhance the absorption of solar radiation both in the
atmosphere and on snow or ice surfaces, further intensifying the warming effect.
Biological activity changes in the ice-free ocean could increase the amounts of
phytoplankton, which would also absorb more solar radiation.
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Fig. 2: Examples of feedback processes that amplify an initial near-surface air
temperature rise caused by global warming.

These changes will have an impact on the unique atmospheric chemical processes
taking place at high latitudes, removing short-lived climate pollutants and toxic heavy
metals in the troposphere and controlling the stratospheric ozone layer. In addition,
algae and phytoplankton production depend on these processes and their
modifications, and the organohalogens they release into the atmosphere will also
change.

Although many individual consequences of changes in these Arctic climate parameters
are known, their combined influence and relative importance for Arctic Amplification
are complicated to quantify and difficult to disentangle. As a result, there is not yet a
consensus in the Arctic research community about the dominant mechanisms leading
to the phenomenon of Arctic Amplification.

5. Planned Observations and Modelling Studies

In the framework of (AC)3, we will use campaign-based and continuous observations
to establish consistent shorter- and longer-term measurements and data product
records. These observations will be collected by instrumentation carried on aircraft,
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tethered balloons, research vessels, and satellites and from instruments at a selected set
of ground-based sites. We will conduct field studies in different seasons and
meteorological conditions, covering a suitably wide range of spatial and temporal
scales (Figure 3).

The shorter-term intensive campaigns are embedded in longer-term data sampling
programs (i.e., the past 30 years), which aim to identify trends in the spatiotemporal
variability of Arctic climate parameters. We will carry out this observational strategy
in an international context and in close collaboration with modeling activities.
Modelers will use a hierarchy of process, regional, and global models to bridge the
spatiotemporal scales, from local processes to appropriate global and long-term
climate indicators (Figure 4). The models will serve several purposes. They will guide
the planning and performance of field campaigns, assist in the interpretation of the
local measurements, serve as test beds to evaluate process parameterizations, quantify
feedback mechanisms, and help researchers determine the origins of observed Arctic
climate changes. The observations, in turn, will be used to evaluate the predictive
skills of the models.
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Fig. 3: Field observations within the framework of (AC)3. CONCORD, continuous
characterization of the Ny-Alesund/Spitsbergen column and radiative effects from
ground-based remote sensing; ABEX, Arctic Balloon-borne profiling Experiment
(May-June 2017); ACLOUD, Arctic Clouds—Characterization of Ice, aerosol Particles
and Energy fluxes (May—June 2017); PAMARCMIP, Polar Airborne Measurements
and Arctic Regional Climate Model Simulation Project (spring 2018); AFLUX, Arctic
Amplification: Fluxes in the Cloudy Atmospheric Boundary Layer (spring 2019);
PASCAL, Physical feedback of Arctic Atmospheric Boundary Layer, Sea ice, Cloud
and Aerosol (May-June 2017); MOSAIC, Multidisciplinary drifting Observatory for
the Study of Arctic Climate (2019-2020).

We will place particular emphasis on evaluating different parameterizations, analyzing
and quantifying feedback mechanisms in sensitivity studies, and assessing the
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importance of processes for Arctic climate and their interaction with the global
dynamics and climate change.
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Fig. 4: The (AC)3 consortium will use a hierarchy of models covering a wide range of
spatial and temporal scales to study Arctic Amplification.

6. Plans for the Coming Year

We have made preparations for a major observational campaign using the R/V
Polarstern, tethered balloon measurements from an ice floe camp, and the research
aircraft Polar 5 and Polar 6 (based in Longyearbyen, Svalbard) during May and June
2017. In particular, we will investigate the coupling of sea ice, clouds, and aerosol in
the transition zone between open ocean and sea ice.

The instrumentation on board R/V Polarstern will provide standard observations and
additional spectral radiation measurements to determine the surface energy budget and
a detailed characterization of surface, cloud, and aerosol properties. A continuous
ground-based measurement site at Svalbard, close to the open ocean, will provide
similar measurements.

Polar 5 and Polar 6 will operate between Svalbard and the actual location of R/V
Polarstern along the sea ice edge. The airborne observations will be supplemented by
measurements of the boundary layer structure (turbulent and radiative energy fluxes)
from a tethered balloon. The campaign will be the basis for extended modeling efforts
to improve our understanding of Arctic climate changes.

The Leipzig Institute for Meteorology (LIM) is represented with altogether 8
individual sub-projects and is the coordinating speaker university. The main focus of
airborne measurements in sub-projects A02 and AO03 is on turbulent fluxes of
momentum, sensible and latent heat, and radiation, and their vertical distribution for
different meteorological situations, cloud cover, aerosol content, and sea ice coverage.
Sub-project BO3 investigates the importance of mixed-phase Arctic clouds for the
cooling/warming of the near-surface air by means of aircraft-based measurements.
Sub-project CO1 deals with the radiative warming (or cooling) due to Arctic clouds
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and how sensitive it is to the heterogeneity of surface reflection properties like
ice/snow and open water, while in sub-project C02 the extent of the darkening of
snow/ice surface by soot depositions is investigated and the issue of the near-surface
air warming by atmospheric soot is studied. Sub-project D01 hypothesizes that
regional Arctic climate change and Arctic Amplification is modulated by large-scale
tropospheric and stratospheric circulation patterns. Sub-project D02 will quantify the
role of aerosol particles, their impact on clouds, as well as its transport and
radiative/dynamical effects on Arctic Amplification from a modelling perspective.
Sub-project EO1 will quantitatively identify the important physical climate feedback
mechanisms in the Arctic using state-of-the-art global circulation models.
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Summary: This article gives an overview about the activities of the Leipzig Institute
of Meteorology (LIM) within the HALO (High Altitude and Long Range Aircraft)
Scientific Priority Program (SPP 1294 funded by DFG). HALO offers unique
possibilities for atmospheric research and Earth observations. It can carry a scientific
payload of up to 3 t, cover a range of 10000 km and reach a ceiling of 15 km. The LIM
contributes to the instrumentation of HALO with the Spectral Modular Airborne
Radiation measurement sysTem (SMART). SMART was deployed during the first
HALQO mission TECHNO in 2010. During subsequent five HALO campaigns SMART
measurements provided valuable insights regarding cloud properties and the Earth’s
radiative budget. Three further missions, which are scheduled for the coming years,
will make use of SMART measurements as well.

Zusammenfassung: Dieser Bericht gibt einen Uberblick tiber die Aktivitaten des
Leipziger Instituts fiir Meteorologie (LIM) im HALO Schwerpunktprogramm (SPP
1294 der DFG). HALO bietet einzigartige Moglichkeiten fur die
Atmospharenforschung und Erdbeobachtung. Es kann eine wissenschaftliche Nutzlast
von 3 t aufnehmen, eine Reichweite von 10000 km zurlicklegen und eine maximale
Flughohe von 15 km erreichen. Das LIM tragt zur Instrumentierung von HALO mit
dem Spectral Modular Airborne Radiation measurement sysTem (SMART) bei.
SMART wurde 2010 bei der ersten HALO Mission TECHNO eingesetzt. In finf
folgenden HALO Kampagnen verschafften SMART Messungen wertvolle
Erkenntnisse bezliglich Wolkeneigenschaften und dem Strahlungsbudget der Erde.
Drei weitere HALO Missionen, die fur die kommenden Jahre geplant sind, werden
ebenfalls SMART nutzen.

1. Introduction

HALO is based on a commercial business jet, a Gulfstream G550. Due to numerous
modifications, HALO is capable to accommodate multiple in situ and remote sensing
instruments. With a scientific payload of 3 t, a range of 10,000 km and a ceiling of
15 km HALO offers unique possibilities for atmospheric and geophysical research as
these features in combination are not met by many other research aircraft in Europe.
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Photo: DLR, Flugexperimente

Fig. 1: The HALO research aircraft.

HALO was purchased with a joint investment of German Ministry of Science and
Education, the Helmholtz Association and the Max-Planck-Gesellschaft. The annual
standby costs for HALO are funded by a consortium, currently consisting of the
German Research Foundation (DFG), German Aerospace Center (DLR), Max Planck
Society (MPG), Karlsruhe Institute of Technology (KIT), Research Center Julich
(FZJ), German Research Center for Geosciences (GFZ), and Leibniz Institute for
Tropospheric Research (Tropos). The largest share is covered by the DFG, with almost
one third of the total budget.

The participation of universities to the HALO project is funded via a Scientific Priority
Program (SPP 1294) by the DFG. This program is coordinated by the universities of
Leipzig, Frankfurt and Dresden.

2. The Spectral Modular Airborne Radiation measurement sysTem (SMART)

In the HALO campaigns described below, the Leipzig Institute of Meteorology
contributed to the instrumentation of HALO with the Spectral Modular Airborne
Radiation measurement sysTem (SMART, Wendisch et al., 2001). It measures upward
and downward spectral irradiances and upward radiances in the spectral range from
0.3 to 2.2 um. The received radiation is transmitted via optical fibers to a set of
spectrometers. Between 0.3 to 1.0 um the spectrometers have a spectral resolution
(Full Width at Half Maximum, FWHM) of 2-3 um. Both, the upper as well as the
lower sensor package, are equipped with an active horizontal stabilization unit keeping
the sensor head in a strict horizontal position during flight. Thus, irradiances can be
measured with high accuracy.
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SMART measurements can be used to retrieve cloud optical and microphysical
properties such as the cloud particle effective diameter, the cloud optical thickness and
thermodynamic phase (Ehrlich et al., 2008). These properties are crucial for accessing
the radiative forcing of clouds and thus Earth’s energy budget.

Furthermore, the spectral measurement of the irradiance can be used to determine the
cloud top and surface albedo.

3. Previous HALO Campaigns
3.1 HALO-TECHNO

SMART was employed on HALO in the frame of the HALO TECHNO mission
(HALO Technical Mission) conducted in 2010. TECHNO was the first HALO mission
to try the capabilities of the new aircraft. From the data collected during the TECHNO
mission the LIM investigated the influence of the surface albedo variability on the
retrieval of cirrus optical thickness and particle size (Fricke et al., 2014). For this
analysis the SMART measurements were used together with the data of the WALES
(Water vapor Lidar Experiment in Space) lidar instrument, which was onboard HALO
as well (Grol} et al., 2014).

Fig. 2: Sensors for SMART on top (left) and bottom (right) of HALO

3.2 ML-CIRRUS

ML-CIRRUS (Formation, Lifetime, Properties and Radiative Impact of

Mid-Latitude Cirrus Clouds) was performed in March and April 2014. The campaign
took place over Europe and the North Atlantic. Ice clouds in altitudes between 7 and
13.5 km were analyzed with respect to their formation, lifecycle, and radiative effects
(Voigt et al., 2017). A particular emphasis was put on the differences between
naturally developing cirrus and contrail cirrus produced by aircraft. This research is
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motivated by the importance of the anthropogenic influence of contrail cirrus on
Earth’s radiative budget.

Remote sensing and radiative energy budget instruments were used in synergy with a
set of in situ cloud particle instruments. On the one hand, nine different cloud particle
probes were deployed in combination with in situ instruments using aerosol inlets.
Thus, the particle size spectrum could be accessed from nucleated aerosol particles to
large ice crystals.

Contrail cirrus showed an increased number concentration of small ice particles with
diameters of less than 30 um. This leads to a higher optical depths compared to natural
cirrus clouds.

Fig. 3: Inlets on top side of HALO (left) and PMS-carriers below the wings (right)

On the other hand, cirrus clouds were probed with remote sensing instruments.
SMART measurements were combined with measurements of the mini-DOAS to
demonstrate the potential of radiation measurements in limb direction to characterize
thin cirrus clouds (Wolf et al., 2017). This study showed that limb observations have a
higher sensitivity for cloud optical thickness compared to nadir observations and are
less effected by the surface albedo. Therefore, also subvisible cirrus can be detected by
such measurements. For a case study, a general agreement between the independent
observations by SMART, WALES and mini-DOAS was found. Differences were
mainly caused by the different observation geometries.
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Fig. 4 Particle size distribution of a contrail cirrus (blue) compared with the
neighboring natural cirrus (black). Contrail cirrus clouds contain higher number
densities of small ice crystals compared to natural cirrus. The figure is taken from
Voigt et al. 2017.

3.3 ACRIDICON-CHUVA

The HALO mission ACRIDICON (Aerosol, Cloud, Precipitation and Radiation
Interactions and Dynamics of Convective Clouds) took place in Brazil in September
and October 2014. It was performed in cooperation with numerous Brazilian partners
from the CHUVA (Cloud Processes of the Main Precipitation Systems in Brazil: A
Contribution to Cloud Resolving Modeling and to the GPM [Global Precipitation
Measurement]) campaign and the US-American and Brazilian measurement campaign
GOAmazon (Green Ocean Amazon). Thereby, a combined approach of remote sensing
and in situ measurements, onboard HALO as well as from supporting ground-based
measurement sites, was conducted.

The aim of the ACRIDICON mission was to investigate the emergence, development
and properties of tropical clouds as well as their dynamic and radiative effects. The
influence of aerosol particles on clouds and on climate was examined. Cloud
measurements over the rainforest were contrasted to measurements over polluted or
deforested areas.

It was confirmed that clouds developing in polluted conditions contained rather small
and thus a higher number concentration of cloud droplets, which leads to a cooling
effect in the Earth’s radiative energy budget. Furthermore, these microphysical
properties cause a suppression of precipitation (Wendisch et al., 2016).
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Fig. 5: llustration of processes in deep convective clouds over Amazonia. The effect of
an increased CCN load is shown. (SLW: supercooled liquid water, T: temperature).
The figure is taken from Wendisch et al. 2016.
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Fig. 6: Measurements of cloud droplet size distribution in warm convective clouds.
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influenced by biomass burning. The figure is taken from Wendisch et al. 2016.
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Moreover, increased concentrations of cloud condensation nuclei (CCN) were
observed in higher altitudes. Their origin is still under investigation.

To this mission the Leipzig Institute of Meteorology contributed not only with
measurements of the SMART instrument. Beyond that, it was responsible for the
scientific management of this HALO campaign, together with the Max Planck Institute
for Chemistry.

3.4 NARVAL and NARVAL 2

NARVAL (Next Generation Remote Sensing for Validation Studies) consisted of two
parts. The first one (NARVAL-South) was performed in December 2013. The
observational focus was on shallow convection in the trade wind region East of
Barbados. NARVAL-North took place over the extra-tropical North Atlantic in
January 2014. There, post-frontal regimes were investigated.

The focus of the NARVAL instrumentation was on remote sensing of trade wind
cumuli. A 36 GHz cloud radar and three microwave radiometers were deployed on
HALO for cloud measurements. Height-resolved profiles of water vapor were derived
with a differential absorption lidar. Furthermore, a mini-DOAS, dropsondes and
SMART measured onboard HALO.

This instrumentation was used for the evaluation of satellite retrievals. 11 underpasses
of the CloudSat satellite and 22 underpasses of the SSMIS (Special Sensor Microwave
Imager / Sounder) were flown.

Cloud retrieval of cloud fraction, cloud size and liquid water path based on SMART
measurements were used to analyze Radar observations by HAMP (Schnitt et al.
2017). The different wavelength ranges and physical principles used by the SMART
and HAMP, provide different retrieval sensitivities for precipitating and non-
precipitating clouds and helped to identify the detection limit of radar observations.
The comparison of the retrieval results showed the potential of such synergetic
analysis of multiple remote sensing instruments.

The follow-up mission NARVAL 2 was performed in August 2016, also based in
Barbados. The instrumentation was similar to NARVAL, with SMART measuring
onboard HALO.

Thus, the measurements of NARVAL-South, performed during the dry season were
complemented with the NARVAL 2 data from the wet season. Hence, the statistics
gained from NARVAL could be extended significantly.

Organized convective systems were probed. The life cycle of some systems was
observed with several consecutive flights. Both, the organization of the convection
itself as well as the status of the ambient boundary layer was analyzed. Disentangling
the relation between convective aggregation and boundary layer evolution is an
Important key to assess the climate sensitivity of organized convection.
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3.5 NAWDEX

The LIM took part with the SMART instrument. Research flights for NAWDEX
(North Atlantic Waveguide and Downstream Impact Experiment) were performed in
the Northern Atlantic region in September and October 2016. The payload was
identical to the NARVAL 2 mission.

NAWDEX was part of an international field experiment — the High Impact Weather
(HIW) program, which was performed by an international consortium from the US,
Canada, UK, France and Germany under the auspices of the World Meteorological
Organization (WMO). Altogether, four research aircrafts were employed.

The scientific aim of NAWDEX is to obtain a comprehensive picture of the
thermodynamic structure of the atmosphere close to jet streams. Therefore, the impact
of diabatic processes for the weather evolution over Europe will be quantified. For
these investigations, midlatitude Rossby waves constitute an important component.
Hence, NAWDEX aims at the quantification of errors in their numerical
representation.

In the frame of NAWDEX a hurricane was observed in detail on its way from the
tropics to the midlatitudes.

4. Outlook: CIRRUS-HL, EUREC4A and HALO-(AC)3

The completed HALO missions illustrated the fascinating possibilities of this research
platform. The high request for these measurements is illustrated by the HALO
schedule, which shows that HALO is fully booked with scientific missions until mid-
2022. Scientists from the LIM are involved in three planned missions.

CIRRUS-HL (Cirrus in High Latitudes) aims at the formation, lifetime, properties and
climate impact of Arctic cirrus. Aerosol effects on cirrus will be investigated, which
will include the influence of air traffic on cirrus.

The observations will be performed in high northern latitudes. In these regions,
observations of cirrus are scarce and the properties in terms of abundance, altitude,
microphysics and radiation are expected to differ from cirrus in lower latitudes.
Similarly, to ML-CIRRUS, the instrumentation will consist of a combination of state-
of-the-art remote sensing and in situ measurement devices.

EUREC4A (Elucidating the Role of Cloud-Circulation Coupling in Climate) builds on
the experiences and insights from NARVAL and NARVAL 2. Apart from minor
upgrades, HALO will carry the same instrumentation as on the preceding NARVAL
missions. The region of interest will be the tropical Atlantic, with HALO being based
on Barbados. The measurements aim to understand the interplay between clouds,
convection and circulation and their role in climate change.
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Fig. 7 Planned flight patterns for EUREC4A, HALO with the remote sensing
instrumentation will fly in higher altitudes. The French ATR-42 will fly below HALO
and perform in situ cloud measurements.

EUREC4A is a German-French initiative. The French aircraft ATR-42 will be
deployed to perform in situ measurements below HALO in order to gain more detailed
insights about cloud properties. Furthermore, measurements from several research

ships are planned.

HALO-(AC)? (HALO - Arctic Amplification: Climate Relevant Atmospheric and

Surface Processes and Feedback Mechanisms) will be coordinated by the LIM. The
scientific payload will be identical to that installed on HALO during EUREC4A.
This HALO campaign is embedded in the DFG-funded Transregional Collaborative

Research Center SFB/TR 172, called (AC)>?, which is coordinated by the LIM. The
aim of (AC)3 is to achieve a better understanding of the Arctic warming, which
currently occurs at an unprecedented pace and intensity.

HALO-(AC)> will give a significant contribution towards a better understanding of

the intensive Arctic warming. Furthermore, effects of the Arctic warming on the
weather in the midlatitudes will be examined. For this objective, air mass
transformations during meridional transports will be observed. Thereby,

meteorological, aerosol, and cloud properties will be measured.
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5. Summary

HALO is a state-of-the-art research aircraft with features which are not met by many
other research aircraft in Europe. Thus, HALO offers unique possibilities for
atmospheric research and Earth observations.

The LIM contributes to the instrumentation of this research platform with the SMART
instrument. The LIM took part at five HALO campaigns — three further missions are
planned for the coming years. The campaing locations as well as the foci of the
missions are manifold. However, the SMART measurements proved to be a state-of-
the-art method to derive various cirrus properties.
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Abstract

The glory is an optical phenomenon observed above liquid water clouds and consists of
coloured rings around the anti-solar point. Since the glory is caused by scattering on
spherical particles it can be used as a proxy to identify liquid water at the cloud top. Images
taken with a CANON digital camera equipped with a fish-eye lens on board the research air-
craft Polar 5 during the measurement campaign Radiation-Aerosol-Cloud Experiment in the
Arctic Circle (RACEPAC) were analysed for glories. To identify glories an algorithm
consisting of five criteria was developed by using simulations of the scattering angle
dependent radiance and a test data set of measurements. The algorithm was tested and
proved to be able to distinguish between images showing a glory and images not showing

any glory.
Zusammenfassung

Die Glorie ist eine optische Erscheinung, die tber Flissigwasserwolken beobachtet werden
kann und aus farbigen Ringen um den Gegensonnenpunkt besteht. Da die Glorie durch
Streuung an sphdrischen Partikeln entsteht, kann sie zur Identifikation von Flussigwasser
am Wolkenoberrand genutzt werden. Bilder, die mit einer CANON Digitalkamera, die mit
einem Fischaugenobjektiv ausgestattet war, von Bord des Forschungsflugzeugs Polar 5
wahrend der Messkampagne RACEPAC aufgenommen worden, wurden auf das Auftreten
von Glorien untersucht. Zur Identifikation wurde ein Algorithmus mit funf Kriterien
entwickelt, die mit Hilfe von Simulationen der streuwinkelabh&ngigen Radianz und einem
Testdatensatz der Messungen erstellt wurden. Der Algorithmus wurde getestet und ist in der
Lage zwischen Bildern mit und ohne Glorie zu unterscheiden.

1. Introduction

The radiative energy budget is strongly influenced by clouds. While low altitude clouds in
low and mid-latitudes have a cooling effect, low clouds in high latitudes may act both
cooling and warming e.g. due to the lower altitude of the sun (Wendisch et al., 2013).
Previous research has shown that a relatively large proportion of clouds in the Arctic
boundary layer are mixed-phase especially in the boundary layer (Mioche et al., 2015). A
typical Arctic mixed-phase cloud has an inhomogeneous horizontal distribution of areas
consisting of either pure liquid water or pure ice and areas consisting of both liquid water
and ice in between the areas of pure phase cloud particles. The patches of pure phase cloud
particles have a size range of 100 to 1000 m (Korolev et al., 2003, Korolev and Isaac, 2008).
Unlike the horizontal phase distribution the vertical phase distribution is much more
structured. The top of Arctic mixed-phase clouds is typically dominated by liquid water
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droplets (Ehrlich et al., 2009).

The thermodynamic phase of a cloud can be distinguished by different types of remote
sensing, like active remote sensing using lidar or radar or passive remote sensing using
microwave radiometers. The approach used here applies passive remote sensing of solar
radiation using the directional information. Directional information relies on optical
phenomena hence single scattering gives only information concerning the cloud top. This
method was previously used by Ehrlich et al. (2012) and by Bréon and Goloub (1998), who
used satellite data. Ehrlich et al. (2012) used a digital camera by Canon to retrieve both
optical thickness and effective radius of an arctic boundary layer cloud using the cloud bow.
In this study the optical phenomenon of the glory is used as a proxy for the dominating
phase at the cloud top. The glory is a backscattering phenomenon which only occurs on
spherical particles (Laven, 2005). Since only liquid water droplets are spherical the
detection of the glory does allow determining the dominating cloud phase. Basis for the
identification was the measured reflected radiance.

2. Instrumentation

With a digital camera (Canon EOS 1D Mark [11) with a 180° fish-eye lens (SIGMA 8mm
F3.5 EX DG FISHEYE) which was mounted on the Polar 5 research aircraft images
displaying the entire half space beneath the aircraft were taken. With the help of a
radiometric calibration and an attitude correction each image was converted to scattering
angle dependent radiance in different zenith and azimuth direction. In combination with the
solar position (6,, ¢,) each viewing direction (6., ¢,) can be converted into a scattering
angle using the methods and algorithms described by Ehrlich et al. (2012). Assuming both
rotation symmetry and single scattering a scattering angle 9 was assigned to each pixel by:

9 = 180° — arccos(— sin 8, - cos @, * sin B, cos ¢, — sinf, - sing, - sinh, (1)
- sin @, + cos 6, - cosb,)

3. Simulation of scattering angle dependent radiance

To analyse the sensitivity of the scattering angle dependent radiance of clouds and to detect
glories simulations of radiances of liquid water and ice clouds were produced using the
library for radiative transfer libRadtran 2.0.1 (Emde et al., 2016). The radiative transfer
calculations were performed with the help of the intensity corrected radiative transfer solver
DISORT by Buras et al. (2011). For the ice clouds the ice crystal parametrization for solid
columns by Key et al. (2002) was used. The results of the calculations of the radiance
1(6,9) were then interpolated on a grid representing the whole observed hemisphere.
Therefore, the simulated radiances could be converted to scattering angle dependent
radiance 1(9) like the images of the digital camera.

Fig. 1 shows the simulated scattering angle dependent radiances of liquid water clouds and
an ice cloud. To simulate the radiances of liquid water clouds a monodisperse droplet
distribution with an effective radius of 10 um and 4 pm respectively was used. Additionally
the cloud optical thickness was varied. The radiances of the ice cloud were simulated by
assuming an effective radius of 50 um and using said ice crystal parametrization. The
differences between the ice cloud's radiances after varying optical thickness and/or effective
radius were too small to be distinguished in the plot. The scattering angle dependent
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radiances of both liquid water and ice clouds differ from the respective phase functions.
Despite this fact a glory is detectable at a scattering angle of 180° within the measurements
of the scattering angle dependent radiance. In case of ice clouds no glory is observable. With
increasing cloud optical thickness the values of the radiance increase as well. From the
results shown in Fig. 1 can be concluded additionally that an increase in the effective radius
yields an increase in the local maximum near backscattering direction.
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Fig. 1: Simulation results of reflected scattering dependent radiances for liquid water
clouds (black) and ice water clouds (red)

4. Definition of Algorithm

As simulations of the scattering angle dependent radiance show the differences between ice
and liquid water clouds are especially pronounced in the backscattering direction near 180°.
To reduce the potential influence of horizontal inhomogeneities in the phase distribution the
range of scattering angles in the development of an identification algorithm was limited to
170°-180°. Focusing only on the maximum in backscattering direction does not allow
identifying the glory. Further tests have shown that a single parameter is not sufficient to
identify the glory and correspondingly the cloud phase. Therefore, several criteria were
defined. The local maximum of the scattering angle dependent radiance between 173° and
180° has to be within the range of 176° and 180°. During the next step it was checked, if the
mean of the radiance values + 0.3° around the maximum minus one per cent of its value
(Imax — 0.01 - I,..) is larger than the mean of the scattering angle dependent radiance
between 173° and 180°. The mean of the maximum +0.3° was chosen to smooth possible
irregularities in the measured radiance. This criterion serves as a measure of the maximums
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and the glories strength. The two discussed criteria can be expressed as:

176° < Oppay < 180° )
Imax — 0,01 - Iy > I1730-1g00 (3)

Fig. 1 shows a comparison of liquid water clouds and ice clouds. The values for the criteria
of the liquid water and ice clouds used in the simulations are listed in the following table.
Additionally to the radiances depicted in Fig. 1 the values of simulation results for two more
ice clouds are shown in Tab 1. Since the radiances of the ice clouds appeared to be
indistinguishable by eye those two additional radiances were not shown in Fig. 1.

Tab. 1 Identification criteria from simulation

emax Imax - 0-011max 1173°—180°
[Wm™Z2nm ™ tsr''] [Wm™2nm!sr ]
liquid water cloud 7 = 22,7, =4um  179.4° 0.280 0.277
T =22,Tef = 10um 179.4° 0.272 0.259
T = 14,74 = 10um 179.3° 0.215 0.201
ice cloud T = 22,7 = 40pum 173.8° 0.227 0.229
T =22, = 10um 173.8° 0.227 0.229
T = 14,74 = 10um 173.8° 0.227 0.229

The values of the identification parameters as presented in Eq. 2 and Eqg. 3 for the radiances
shown in Fig. 1 are listed in Tab. 1. With the help of the two identification parameters it is
possible to distinguish between ice and liquid water clouds. The glory serves as distinction
criterion which could be identified in all cases. The position of the local maximum of the
liquid water cloud radiances does not change much even when varying effective radius and
cloud optical thickness. The strength of the glory, however, does vary. In case of an effective
radius of 4 um the difference between [, —0.01"I.cxand I;;3._150> equals
0.003Wm™2nm™?! sr~1. An effective radius of 10 um yields a difference between
Ipax — 0.011 . and  Ij530_4500 Of 0.14Wm?2nmtsr'? (r = 14) and
0.13Wm 2 nm~1sr71 (t = 22) respectively.

On the basis of the values of I,,, — 0.01 - I, and I;;3._1g0 it i possible to state if the
optical thickness of boundary layer clouds determines how large the detected radiances are.
The parameters do not show any sensitivity regarding changes of cloud optical thickness
and effective radius in case of ice clouds.

With the help of a test dataset consisting of 480 images taken by the camera the algorithm
was tested. The dataset consisted of images taken on the 6™ of May 2014 out of which 300
images showed a closed cloud cover below the aircraft and 180 images showed partly
broken clouds or optical thin clouds. For a closed cloud cover of optical thick clouds the
two proposed criteria (Eg. 1 and Eq. 2) are sufficient. To identify broken and optical thin
liquid water clouds respectively additional criteria have to be defined: the ratio between
local minimum and maximum of the scattering angle dependent radiance between 173° and
180°, the ratio between the local minimum and the mean of the radiance between 172° and
174° and the standard deviation between 170° - 173°. The criteria determined from the
analyses of the test dataset are:
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[ .
0015<1—- 2 <0.11 (4)
I max
—3< (1 —_m—“‘) 1000 < 20 ()
172°—174°
O1700—173° < 4.0 mW m~2 nm~1sr1 (6)

All five criteria must be fulfilled for a glory to be identified. Analogous to Eq. (3), the ratio
between local minimum and local maximum is a measure for the strength of the glory.
Despite that, this criterion is not redundant as tests showed. The ratio of I i, t0 ;720174 IS
a measure of the variation of the scattering angle dependent radiance between 172° and

180°. The variation is low, if the value of (1 - ’m—‘“) - 1000 is close to 0.0. The standard

172°-174°

deviation between 170° and 173° allows drawing conclusions about the clouds
homogeneity.

Tab. 1 and Tab. 2 show the values of the identification parameters for the simulations of
radiances of pure liquid water and pure ice clouds. Again there are only minor differences
between the simulated radiances of ice clouds after varying effective radius and cloud
optical thickness. Since the differences were only minor, just one example of scattering
angle dependent radiance of ice clouds was plotted in Fig. 1. With varying cloud optical
thickness and varying effective radius changes in the parameters for liquid water clouds
could be observed. Since simulated radiances were analysed the cloud was homogeneous
and, therefore, the standard deviation was low in all cases. Similar to Tab. 1 the values show
that the difference between local minimum and maximum of radiance is smaller for an
Imin

effective radius of 4 uym (1 —;"ﬂ ~ 0.07) than for 10 um. For these clouds 1 ——= is

max max

approximately 0.11 (r = 14) or 0.10 (z = 22) respectively.

Tab. 2 Values of identification criteria derived from test dataset for simulations

1-— Imin (1 - A) 0170°-173°

Imax Li70-1742/ [MWm™ nm™" sr7]
-103
liquid water cloud 7 = 22,77 =4um 0.0714 1.3 1.60
T = 22,75y = 10pm 0.0981 0.4 0.56
T =14,7,¢ = 10pm 0.1079 1.0 0.50
ice cloud T = 22,T¢f = 40pm 0.0001 0.1 0.20
T = 22,7,¢r = 10pm 0.0001 0.2 0.20
T = 14,7,;f = 10pm 0.0001 0.2 0.20

In case of the simulated radiances of the ice clouds the local maxima of the radiance are
relatively weak compared to the maxima in case of liquid water clouds. The difference
between local extrema is almost negligible. This can be seen in Tab. 1 and Tab. 2 and in Fig.
1.

5. Application on measurement examples

During the application of the proposed algorithm on measured data, cloud inhomogeneities
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may lead to difficulties. To test the algorithm it was applied to several single images taken
by the camera.
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