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1. Overview 

1.1 Introduction 
On 12 December 2015, the world community celebrat-
ed an outstanding breakthrough in international climate 
policy. In the Paris agreement, the 21st Conference of 
the Parties (COP21) agreed to limit global warming to 
2°C above preindustrial values and to pursue efforts to 
limit warming even more strictly to 1.5°C.  
 

 

Figure 1-1: UN General Secretary Ban Ki Moon along 

with the French President Francois Hollande, COP21 

president and French Foreign Minister Laurent Fabius, 

and UNFCCC secretary Christiana Figueres celebrating 

the breakthrough of the Paris agreement.1 

 
To this date, 189 nations (out of 197 nations belong-
ing to the United Nations Framework Convention on 
Climate Change, UNFCC) have ratified the agreement. 
By adopting the 2°C-goal, the world community has 
essentially agreed to decrease global carbon emissions 
to effectively zero until 2050. This implies an enor-
mous effort to decarbonize our economy, whose 
growth has so far widely relied on the availability of 
energy production based on fossil energy carriers like 
coal, oil, and natural gas. In order to obtain unbiased 
information about the amount of carbon emitted by 
individual countries, the need for independent verifi-
cation means has been widely recognized. Spaceborne 
observations of carbon dioxide and methane concen-
trations (which can be converted to emissions 
strengths by inverse modelling) are deemed the most 
promising methodological approach for an unbiased 
verification scheme. With its unique expertise in 
spaceborne (as well as airborne) Earth observation, 
DLR and its Institute of Atmospheric Physics (IPA) are 
perfectly positioned to significantly contribute to the 
design and implementation of such verification ef-
forts. Further, IPA is also contributing to other im-
portant space missions and research programmes 
targeting remaining large uncertainties in our under-
standing of the climate system. Corresponding  
research is focussing, for example, on the role of 

                                                           
1 The source of each figure is given in Section 5.13 

aerosols and clouds in the Earth’s energy budget, on 
chemistry-climate interactions, and on the multi-scale 
nature of atmospheric dynamics which has been 
dubbed the “wild card of climate change”. 

At the same time, the European Green Deal, pub-
lished in December 2019 by the European Commis-
sion, sets out how to make Europe the first climate-
neutral continent by 2050. This Green Deal covers all 
sectors of the economy, notably transport (including 
aviation) and energy. Again, DLR and in particular IPA 
are in a perfect position to make important contribu-
tions to the transformation of the aviation, transport 
and energy sectors to become carbon neutral and to 
reduce their climate impact. Importantly, IPA supports 
these enormous efforts by both addressing unresolved 
fundamental scientific questions (e.g., quantifying the 
climate impact of contrails and contrail cirrus clouds) 
and by working towards specific technical or opera-
tional solutions (e.g., with climate impact assessments 
of specific technologies like sustainable aviation fuels 
or the development of eco-efficient air traffic man-
agement concepts), which is required for this extremely 
ambitious transformation.  

Within DLR, IPA carries expertise in all DLR-relevant 
topics concerning the atmosphere. IPA conducts re-
search in the area of physics and chemistry of the 
atmosphere from the ground to the top of the middle 
atmosphere at an altitude of about 120 km. As a DLR 
institute, IPA works on atmospheric science aspects of 
the DLR programmes “Space”, “Aeronautics”, 
“Transport” and “Energy”. For this purpose, IPA mas-
ters the complete methodological spectrum ranging 
from sensor development, observations over the full 
spectrum of relevant scales (i.e. local to global), data 
analysis, theory and numerical modelling. Based on this 
expertise, the institute primarily works on fundamental 
science questions but also employs its methods and 
knowledge for applied research. IPA is thus a compe-
tent partner in DLR’s research programmes, for exter-
nal scientific institutions and industry as well as for 
policy makers and society in general. 

In the following, this overview describes the insti-
tute’s general research programme - including the 
major fundamental scientific questions to be addressed 
in the future - as well as its structure and methods. This 
overview concludes by highlighting some of the most 
important achievements of the institute since its last 
evaluation in 2015. Thereafter, the institute’s results 
(Chapter 2 and 3) and plans (Chapter 4) are presented 
in detail in the remainder of the report. Additional 
documentary information is given in Chapter 5.  
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1.2 Research programme 
IPA has chosen its core research areas such that all 
major subjects required for an overall understanding 
of the atmosphere are covered. This enables the 
institute to meet its overarching mission objective, 
namely to competently address all atmospheric re-
search questions relevant to DLR’s research pro-
grammes. IPA objectives (non-exhaustive) within 
these research programmes are: 

In the Space programme, IPA focuses on the sci-
entific and technological preparation and utilization of 
Earth observation missions (both ESA and national). For 
this purpose, IPA deploys airborne research platforms 
such as HALO, DLR Falcon and DLR Cessna, IPA devel-
ops leading edge lidar technology, and IPA develops 
and applies one of the major German chemistry-climate 
models (CCM) as a prerequisite for both the definition 
and interpretation of atmospheric observations. Also, 
IPA puts significant efforts on the quantitative evalua-
tion and analysis of climate models in general and has 
recently defined a new focus, i.e. the use of artificial 
intelligence (AI) techniques for climate science. 
 

 

Figure 1-2: Successful launch of the Aeolus Earth obser-

vation satellite from Kourou on 22 August 2018. Aeolus 

carries the first Doppler wind lidar in space. Since then, 

IPA has been hosting and leading the Aeolus Data Inno-

vation and Science Cluster (DISC) funded by ESA. 

 
In the Aeronautics programme, IPA focuses on 

atmospheric and climate processes, which are of 
strategic importance for a sustainable, prosperous 
and safe air transport system: This includes research 
on both the impact of aviation on the atmosphere 
and climate and vice versa. Examples are the quantifi-
cation and climate impact assessment of aircraft 
emissions and corresponding mitigation strategies 
including the effects of alternative fuels, climate 
optimized aircraft trajectories, as well as wake vortex 
research and research on weather hazards for avia-
tion such as clear air turbulence (CAT). 

 

 In the Transport programme, IPA works on cli-
mate impact and air quality assessments of all transport 
modes including shipping, aviation, as well as rail and 
road transport. IPA also investigates corresponding 
traffic noise. Suitable mitigation options are assessed 
with respect to their effect on reducing climate impact 
and noise as well as improving air quality.  

Finally, in the Energy programme IPA applies its 
expertise acquired in the other three research pro-
grammes in the area of wind energy research. 

 
The programmatic research areas mentioned above 

require a profound fundamental knowledge of atmos-
pheric physics and chemistry. Consequently, research 
at IPA is focusing on the following atmospheric core 
research topics: 

1) Atmospheric dynamics,  
2) Climate-relevant trace gases, 
3) Atmospheric aerosols, 
4) Cloud physics. 

As a fifth research focus, the expertise built within the 
topics above is applied to one of the overarching insti-
tute objectives, namely on the 

5) Interaction of the atmosphere and the transport  
system (including all transport modes). 

In the following we provide a short summary of IPA’s 
core research areas. 
 
Atmospheric dynamics is the fundamental basis for all 
atmospheric research. Wind fields affect the distribution 
of trace gases, aerosols and clouds on all spatial and 
temporal scales. At IPA, atmospheric dynamics research 
is conducted on a wide range of scales from the global 
circulation to turbulence (10.000 km – 1 cm) and from 
hundreds of years to seconds. The underlying aim of this 
research is to foster process understanding in order to 
improve both numerical weather prediction (NWP) and 
climate models. For this purpose, a broad spectrum of 
methods is applied: numerical modelling from large-
eddy simulations (LES) to the global scale; observations 
from the ground, from balloons, from research aircraft, 
and from satellites; as well as the development and 
application of sophisticated data analysis techniques – 
including novel AI algorithms. Importantly, for all these 
methods, IPA does not only apply already existing mod-
els, instruments, or algorithms, but develops completely 
new simulation codes, develops and builds new instru-
ments, and breaks new ground in the development of 
novel data analysis techniques.  

More specifically, dynamics research at IPA focuses 
on three research fields: (i) atmospheric coupling by 
gravity waves (GWs; including the wave-mean flow 
interaction, and nonlinear aspects of their dynamics 
like dissipation into heat and excitation of secondary 
modes); (ii) the global atmospheric circulation; and (iii) 
chaotic systems and predictability. Atmospheric cou-
pling by GWs (see Figure 1-3 for an example where 
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such waves propagate up to 90 km altitude) has been 
recognized as an important mechanism of energy and 
momentum transport in the atmosphere that is now 
known to lead to substantial biases in NWP and cli-
mate models (Shepherd, 2014)2.  

 

 

Figure 1-3: Example of IPA lidar temperature measure-

ments showing large amplitude GW activity in the 

mesosphere as observed on 16/17 December 2015 from 

Sodankylä, Finland. Black dashed lines indicate temper-

ature maxima due to upward propagating GWs. 

 
Important questions corresponding to the above-

mentioned topics to be answered in the following  
5–10 years are: (i) Which part of the wave spectrum is 
dominating the wave-mean flow interaction and what 
is the role of temporal and spatial intermittency?; (ii) 
How will the general circulation change in a changing 
climate and how is the stratosphere affecting the trop-
osphere?; and (iii) What is the impact of systematic 
forecast errors of upper troposphere humidity and 
winds with regard to high impact weather events? 

Corresponding results achieved during the report-
ing period (2015-2020) are presented in Sections 2.2, 
2.5, 2.6, 3.1.1, 3.1.2 and 3.2.2. Detailed research 
plans in these three focus areas for the forthcoming  
5–10 years are presented in Section 4.1. 
 
Climate-relevant trace gases determine the natural 
and anthropogenic greenhouse effect, implying that 
they are ultimately the reason that life had the chance 
to develop on our planet. For a better understanding 
of the Earth’s climate system and its changes, it is 
hence mandatory to quantify and assess the interaction 
between climate and these trace gas constituents. 

Research at IPA focusses on the anthropogenic im-
pact of the following important climate-relevant trace 
gases: water vapour (H2O), carbon dioxide (CO2) and 
methane (CH4), and short lived (and reactive) trace 
gases like ozone (O3), nitrogen oxides (NOx), carbon 

                                                           
2 Shepherd, T. G., 2014: Atmospheric circulation as a source of uncer-

tainty in climate change projections, Nature Geoscience, 7, 703-708. 

monoxide (CO), sulphur dioxide (SO2), and non-
methane hydrocarbons (NMHC). 

While water vapour is the most important (natural) 
greenhouse gas (GHG) and contributes approximately 
50% to the current total (i.e. natural and anthropogen-
ic) greenhouse effect, CO2 and CH4 are the most im-
portant anthropogenic GHGs. CO2 contributes about 
20% to the total greenhouse effect and is in the spot-
light of public interest since its concentration has risen 
from ~280 ppm in pre-industrial times to ~414 ppm as 
of today. This anthropogenic increase of CO2 has been 
identified as the major cause of current global warming. 
Atmospheric concentrations of CH4 are comparatively 
small (i.e. ~1880 ppb as of today, see Figure 1-4), how-
ever, CH4 possesses a global warming potential of 28 on 
a 100 year horizon, i.e. it contributes approximately 28 
times as strongly to global warming as the same amount 
of atmospheric CO2. Both CO2 and CH4 are part of the 
global carbon cycle and are determined by sources and 
sinks, which are to date only poorly quantified. For 
example, for CO2 the land sink is highly uncertain. For 
CH4, the natural fluxes over wetlands and its release 
from permafrost soils and continental shelves are affect-
ed by high variability and measurement uncertainties. In 
addition, anthropogenic sources, e.g. from the oil and 
gas industry and from waste, are highly uncertain. 
 

 

Figure 1-4: CH4 mole fraction from 1983 to 2020 as meas-

ured on marine surface sites (Credit: Ed Dlugokencky, 

NOAA/ESRL). 
 

Short lived (reactive) trace gases either directly (O3, 
chlorofluorocarbons - CFCs) or indirectly (NOx, CO, SO2, 
non-methane hydrocarbons, etc.) affect the radiation 
budget of the atmosphere. In addition, these trace gases 
influence atmospheric chemistry through their impact on 
hydroxyl radicals (OH, HO2) and hence the (OH-
controlled) CH4 lifetime as well as the stratospheric 
water vapour (SWV) source (by CH4 oxidation). 

Important general questions to be answered in the 
following 5–10 years, when aiming to improve under-
standing of anthropogenic impacts and mitigation  
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strategies for the long-lived species (incl. CH4), are the 
quantification of their sources (including emission 
strength estimates by inverse modelling), sinks, and 
transport pathways, as well as their corresponding varia-
bilities at present and in a changing climate. For the short 
lived species, the main focus lies on their direct and indi-
rect climate effects, their effect on the CH4 lifetime, and 
the investigation of mitigation options, including the 
consideration of the necessary trade-off between climate 
impact and air quality and health aspects.  

Corresponding results achieved during the report-
ing period (2015-2020) are presented in Sections 2.2–
2.6, 3.1.1, 3.1.3, 3.1.4, and 3.3.1. Detailed research 
plans for the forthcoming 5–10 years are presented in 
Sections 4.2 and 4.6. 
 
Atmospheric aerosols, i.e. all airborne liquid or solid 
particulates (except for liquid water droplets and water 
ice crystals which are discussed in the paragraph 
“Cloud physics”), play an important role in the climate 
system by contributing both directly and indirectly to 
the atmospheric radiation budget (direct and indirect 
aerosol effect). Uncertainties in the quantification of 
the direct and indirect aerosol effect still constitute a 
large source of uncertainty for climate models.  
 

 

Figure 1-5: DLR Falcon flying behind the NASA DC8 and 

taking measurements of emissions and ice particles in 

the exhaust plumes of the NASA DC8, which is burning 

biofuel. 

 
Many aerosol types have both natural and anthro-

pogenic sources. Prominent natural sources are e.g. 
the direct emission of particles into the atmosphere by 
mechanical forces (e.g., mineral dust, sea spray, pollen) 
and gas to particle conversions when corresponding 
vapour pressures become supersaturated. Particle 
emissions from the transport sector (e.g., soot particles 
from combustion processes) are a significant anthro-
pogenic source.  

Besides their fundamental role in the climate sys-
tem, aerosols may also be involved in atmospheric 
chemistry (heterogeneous reactions). Furthermore, they 
affect health (air quality) and coarse mode particles 
such as mineral dust and volcanic ash pose a threat to 
the air transport system.  

Within the large research field of atmospheric aer-
osol science, IPA focusses on the characterization of 
atmospheric aerosol properties and on investigations of 
the impact of the aerosol particles from the transport 
sector on clouds.  

Important scientific objectives for the following  
5–10 years are the determination of microphysical and 
optical properties of atmospheric aerosol particles by 
means of airborne in-situ and lidar observations from 
satellite, research aircraft and from the ground, as well 
as model studies of the global aerosol distribution 
based on present and assumed future sources includ-
ing transport emissions. In addition, IPA will work on 
radiative effects of aerosols as well as on aerosol-cloud 
interactions with a special focus on the effects of aero-
sols from the aviation and other transport sectors. 

Corresponding results achieved during the report-
ing period (2015-2020) are presented in Sections 2.2-
2.5, 3.1.1, 3.1.3, 3.1.4 and 3.3.1. Detailed research 
plans for the forthcoming 5–10 years are presented in 
Section 4.3. 

 
Cloud physics: Clouds play an outstanding role in the 
hydrological cycle, for radiative transfer and the energy 
budget of the atmosphere, in the processing of trace 
gases and aerosols, as well as for atmospheric dynam-
ics. Quantification of cloud processes is hence of fun-
damental importance for understanding the atmos-
phere and the climate system. Cloud-defining macro- 
and microphysical properties are closely interrelated 
with dynamical processes which occur on a multitude 
of spatial and temporal scales. 

Various cloud types occur in different layers of the 
atmosphere, ranging from the planetary boundary 
layer up to the summer mesopause region at ~90 km 
altitude. In addition, clouds are also closely connected 
to atmospheric aerosol particles, which are precursors 
for cloud droplet formation and precipitation. Aerosol 
particles, in turn, are processed by clouds in terms of 
their chemical composition and their size distribution. 
The major constituents of clouds are water molecules, 
which occur in the form of liquid droplets or ice crys-
tals. These play an important role in the Earth’s energy 
budget since they both contribute to the greenhouse 
effect and they determine the planetary albedo. Last 
but not least, cloud particles enable chemical reactions, 
which in the gas phase would otherwise not occur at 
all or only very slowly. 

At IPA, the main focus in the field of cloud physics 
and chemistry is on natural and anthropogenic (i.e. 
aviation-induced) cirrus clouds, their properties and their 
mutual interaction with the atmospheric aerosol and 
their dependence on atmospheric dynamics. Beyond 
that major focus, IPA also studies mixed phase clouds 
(because of their role for aircraft icing) and lower level 
clouds (because of their fundamental role in currently 
discussed climate feedbacks). 
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Important general questions to be answered in the 
following 5–10 years are connected to the climate effect 
of natural and anthropogenic cirrus clouds and how this 
effect will evolve in a future climate, with the mutual 
dependence between cirrus properties and processes 
and dynamical regimes, and with the role of cirrus 
clouds for the water vapour budget of the upper tropo-
sphere and lower stratosphere. 

 

 

Figure 1-6: Cover of the Bulletin of the American Mete-

orological Society highlighting results of DLR’s ML-

CIRRUS campaign utilizing the research aircraft HALO. 

 
Corresponding results achieved during the reporting 

period (2015-2020) are presented in Sections 2.2-2.6, 
3.1.1, 3.1.3, 3.1.4 and 3.3.1. Detailed research plans for 
the forthcoming 5–10 years are presented in Sections 
4.4 and 4.6. 

 
Interaction of the atmosphere and the transport 
system: Transport and mobility are important needs of 
our society and transport volume is expected to grow 
significantly in the future. This raises concerns regard-
ing the impact of this growth on the safety and sus-
tainability of transport. Consequently transport emis-
sions are in the focus of the current public debate on 
how to deal with the “climate crisis”. In order to make 
sure that this debate is based on facts, a solid quantifi-
cation of the mutual influence between atmosphere 
and transport is required. IPA’s work in this field is thus 
now more important than ever. 

IPA investigates the interaction of aviation and oth-
er transport modes, like shipping and road transport, 
with the environment. The interaction between the 
transport system and the atmosphere is bi-directional 
and encompasses two aspects, safety and sustainabil-
ity. On the one hand, weather and other atmospheric 
phenomena like thunderstorms, winter weather, CAT, 

wake vortices and volcanic ash plumes influence the 
safety, punctuality, and hence, also cost effectiveness 
of aviation, and partly also other transport modes. On 
the other hand, all transport modes modify the atmos-
phere by means of their corresponding emissions and 
hence affect climate and air quality (c.f. Figure 1-7). 
 

 

Figure 1-7: Illustration of the mutual influence of 

transport modes and atmosphere covering aspects of 

sustainability and safety. 

 
Improving the safety of transport requires in-depth 

basic research of phenomena such as wake vortices, 
CAT or thunderstorms. Where basic research has 
reached a mature state, customized products are de-
veloped to make this expert knowledge and the results 
easily available for aviation industry and other players 
in the transport sector. Regarding the sustainability of 
transport, the effects of different transport modes on 
atmospheric composition and air quality, on climate, 
and on noise immissions need to be quantified. The 
ultimate goal of this research is the formulation and 
assessment of technological, administrative and opera-
tional mitigation strategies, which will allow our society 
to live with its desired level of mobility with minimal 
impacts on the environment. 

Important general focus areas for the following  
5–10 years are the climate impact of all transport 
modes, both on global and regional scales, the reduc-
tion of remaining uncertainties of the climate impact of 
aviation (e.g., concerning indirect aerosol effects, 
which are still largely undefined, but also radiative 
effects), the development and assessment of mitigation 
options to minimize the climate impact of aviation 
(e.g., using hybrid-electric propulsion, climate-
optimized flight trajectories, and/or alternative jet 
fuels), and finally, the development of the means to 
better understand and minimize weather related safety 
threats to aviation taking into account all major related 
threats like wake vortices, thunderstorms, and CAT. 

Corresponding results achieved during the reporting 
period (2015-2020) are presented in Sections 2.2-2.7, 
3.2.1, and 3.2.2. Detailed research plans for the forth-
coming 5–10 years are presented in Section 4.5. 
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1.3 Structure and methods 

In December 2019 (2015), the institute comprised 143 
(135) staff members, some part time, equivalent to 
about 116.5 (106.7) full positions. About 50% of the 
employees (in terms of person years) have fixed-term 
contracts. IPA is structured into six departments; mainly 
according to the methods used in their research, and a 
logistics group (Figure 1-8). 

 
Department Earth System Modelling: The de-
partment develops and applies numerical models of 
varying complexity. Its main focus is on the develop-
ment and application of CCMs, in particular the cou-
pled CCM EMAC (ECHAM5/MESSy Atmospheric 
Chemistry) for large-scale processes and interactions, 
and the mesoscale model COSMO embedded in 
EMAC (dubbed MECO(n)) for regional chemistry-
climate studies and accompanying simulations for 
measurement campaigns. These are currently used to 
address fundamental questions of chemistry-climate 
interactions as well as aerosol-cloud-climate interac-
tions. The department further quantifies the effects 
of all transport modes on atmospheric composition 
(air quality) and climate and it is developing tools for 
climate-optimized flight routing. Simplified and nu-
merically efficient models are used for application in 
interdisciplinary tools (for example for the preliminary 
design of eco-efficient aircraft) or for conducting 
extended parameter studies. 

The department also hosts a Young Investiga-
tor’s Group on the “Middle Atmosphere in a 
Changing Climate” (MACClim), which is funded by 
the Helmholtz Association (HGF). The group investi-
gates in particular the global dynamics of the middle 
atmosphere under various changing climate condi-
tions. Processes relevant to the global circulation in 
the middle atmosphere are investigated with the 
help of a hierarchy of global climate models (i.e. 
from a pure dry dynamical core to a full climate 
model). 

Department Earth System Model Evaluation and 
Analysis: The department develops innovative meth-
ods for the evaluation and analysis of Earth system 
models (ESMs) in comparison to observations. It is with 
the aim to improve ESMs and thereby better describe 
and project the Earth’s Climate system. The evaluation 
and ensemble analysis of ESMs is crucial for model 
improvements and a prerequisite for reliable climate 
projections of the 21st century to be used as guidelines 
for climate policy. As a central software tool for routine 
and comprehensive evaluation of climate models, the 
department leads the development of the Earth System 
Model eValuation Tool (ESMValTool), which is now 
also being further enhanced and widely used by the 
international community. The department’s tasks en-
compass the development and application of new 
numerical methods for the analysis of large volumes of 
heterogeneous spatiotemporal Earth system data, 
including machine learning techniques in the realm of 
climate modelling. 

 
Department Atmospheric Trace Species: The de-
partment develops and applies in-situ instruments for 
deployment on research aircraft such as HALO, DLR 
Falcon, DLR Cessna, and MDB Geophysica. With these 
instruments, the department is specializing on the 
measurement of trace gases with mainly applying mass 
spectrometry and spectroscopic methods, as well as of 
aerosols with optical and electrostatic methods. The in-
situ instruments are applied for the quantification of 
anthropogenic emissions, e.g., aircraft and ship emis-
sions, as well as natural sources, e.g., lightning-
produced NOx. In addition, the instruments are general-
ly used for the determination of trace gas and particle 
distributions in the tropo-, strato- and mesosphere as 
well as for validation purposes for satellite observations 
and models. In 2018, the department has successfully 
launched the first sounding rocket experiment ever 
developed at IPA carrying a rocket-borne ion mass 

Figure 1-8: Structure of the institute. YIG: Young Investigator’s Group. 
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spectrometer for studying large ion clusters in the mes-
osphere. The department also hosts a Young Investi-
gator’s Group, which focusses on airborne in-situ 
measurements as well as satellite remote sensing of the 
greenhouse gases CH4 and CO2 with the aim to infer 
source emission strengths of selected sources (like 
power plants and major population centres, MPCs). 
 
Department Cloud Physics: The department advanc-
es research in the field of cloud physics by developing 
methods to investigate cloud processes from the mi-
cro-scale, by using in-situ cloud probes and trace gas 
instruments on aircraft, to global scales as observed 
from satellite. Anthropogenic perturbations of these 
clouds by air traffic are studied with instruments on the 
research aircraft HALO, DLR Falcon, AWI Polar 5, NASA 
DC8, and others. The department also hosts a re-
search group on cloud remote sensing. This group 
focusses on the development of algorithms for the 
analysis of cloud and aerosol (mainly volcanic ash) 
observations with instruments on geostationary plat-
forms such as the SEVIRI instrument on Meteosat 2nd 
generation (MSG). These observations are combined 
with measurements from orbiting satellites such as the 
CALIOP lidar on the NASA CALIPSO satellite or MODIS 
on the NASA Terra and Aqua satellites. Taken togeth-
er, a particular strength of the department is the syn-
ergistic evaluation of in-situ and remote sensing cloud 
observations and radiative transfer modelling to ad-
vance knowledge on nucleation, life cycle and climate 
impact of cirrus and lower tropospheric clouds. 
 
Department Transport Meteorology: The depart-
ment mainly deals with high resolution numerical 
simulations of dynamical systems (e.g., wake vortex 
simulations, high resolution wind predictions for wind 
farms in complex terrain, sound propagation studies 
in given dynamical environments, vortex-resolving 
simulations of contrails) as well as the investigation of 
convective cloud systems and nowcasting methods 
for aviation industry. The department also applies 
three commercial lidar systems for characterizing 
wind fields in the vicinity of wind farms. Beyond the 
emphasis of the department on applied research for 
aviation and wind energy, it has also built up substan-
tial expertise in dynamical modelling of complex 
systems. In this context, it also contributes to funda-
mental research questions such as the life cycle of 
GWs (generation, propagation and dissipation pro-
cesses) and the waves’ role in the bi-directional verti-
cal coupling of various atmospheric layers.  
 
Department Lidar: The department develops innova-
tive lidar systems, starting from research on novel light 
sources up to the deployment of complete wind lidar, 
temperature lidar and trace gas lidar systems. These 
systems are deployed in research campaigns utilizing 

ground-based and airborne platforms with the ultimate 
goal to qualify these lidar systems for space applica-
tions. The department is heading the Aeolus DISC 
funded by ESA, which is responsible for the data quali-
ty of the recently launched ESA Aeolus satellite, which 
carries the first Doppler wind lidar (DWL) in space. In 
addition, the department takes leading roles in ESA´s 
aerosol and cloud lidar mission EarthCARE and the 
French-German CH4 lidar mission MERLIN. Last but not 
least, the department has recently completed im-
portant steps towards the development of a novel 
Rayleigh-Resonance-Fluorescence lidar ALIMA (Air-
borne Lidar for Middle Atmosphere Research), which 
yields measurements of temperatures and winds from 
~10 to 100 km altitude for the study of GW coupling 
of atmospheric layers. The department is also hosting 
the Lidar/Radar Synergy group that combines lidar 
and radar observations (together with the Max Planck 
Institute (MPI) for Meteorology and the Department for 
Meteorology in Hamburg) on board HALO for a better 
estimation of the microphysical properties of cloud 
particles. This work is mainly done in preparation of 
ESA’s EarthCARE mission. The group also runs the 
polarimetric C-band (frequency 5.5 GHz) radar 
POLDIRAD on top of the institute’s building and a 
cloud-radar which is part of the observatory Schnee-
fernerhaus on mount Zugspitze. 

 
 

1.4 Major achievements 
Over the past five years, the institute has accomplished 
a significant number of major achievements, which are 
documented in the forthcoming Chapters 2 and 3. This 
allows the institute to formulate its future goals, which 
are described in Chapter 4. While it is impossible to list 
these achievements in just a few lines, it is nevertheless 
worthwhile to mention a few outstanding points, 
which might be taken as indicators of the institute’s 
overall performance: 

Most notably, the institute provided a multitude of 
new scientific results on atmospheric and climate pro-
cesses in the context of DLR’s programmes Space, 
Aeronautics, Transport and Energy and succeeded in 
publishing many of them in the peer-reviewed litera-
ture. While it is impossible to give an appropriate ac-
count of these results in this summarizing chapter, it is 
worthwhile considering the publication statistics of the 
institute since the last evaluation: 

In the recent years IPA published on average 
about 110 peer reviewed papers per year (Figure 1-9), 
which is well in excess of the number of scientists 
working at IPA (measured in full time equivalents, 
including doctoral students). This means that the 
institute is fulfilling the requirement of publishing 
more than one peer reviewed paper per scientist per 
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year. Also, IPA employees have authored a total of 
eight high impact papers in journals like Nature, 
Science, and Nature partner journals like Nature 
Communications and Nature Geosciences in the last 
five years. 

 

 

Figure 1-9: Number of peer-reviewed publications in 

journals indexed by ISI/Scopus, other reviewed 

journals and conference proceedings and reviewed book 

contributions per year from 2013–2019 by IPA authors. 

 
As part of the basis for these published results, 

IPA performed and successfully finished important 
DLR projects working together with many other DLR 
institutes in the programmes “Space”, “Aero-
nautics”, “Transport” and “Energy”. A complete list 
of these projects can be found under Section 5.11. 
This demonstrates the institute’s leading and integrat-
ing role within DLR concerning all issues regarding 
the atmosphere and climate. 

Beyond internally funded work, IPA has been 
highly successful in acquiring third party funding from 
sources like the EU, ESA, UNEP, various ministries, the 
German Science Foundation, and industry. On aver-
age, these grants amount to about 30% of the total 
income of the institute (Sections 9.2 and 9.3 in Vol-
ume 2 of the report). IPA leads or led a significant 
number of large national (e.g., BMBF: GW-LCYCLE) 
and international research projects (e.g., ESA: Aeolus 
DISC and Aeolus Campaigns, NASA-DLR NDMAX, EU 
ACACIA, ERC USMILE). The institute is strongly en-
gaged in several activities heading towards better 
coordinated national Earth System Modelling and 
Analysis strategies (e.g., HGF ESM and EESM projects, 
national ESM strategy initiative, HGF CMIP6- and 
BMBF CMIP6-DICAD projects3). This is mandatory to 
remain in an internationally competitive position 
given the challenges that future high-performance 
computing hardware architectures will pose for port-
ing traditional codes to next generation machines and 
for analysing large volumes of data. 

                                                           
3 Please refer to Volume 2, Section 9.3, of this report for a complete 

list and short description of projects. 

The institute further led and/or participated in most 
HALO field deployments during the reporting period 
such as POLSTRACC, NARVAL 2.0 NAWDEX, CoMet 
1.0, EMeRGe-EU, EMeRGe-Asia, and SouthTRAC. This 
demonstrates the institute’s major role in utilizing 
HALO as a versatile and successful research platform 
with international recognition. 

The institute also conducted a large number of 
successful airborne measurement campaigns with 
the DLR Falcon. For example, the institute conducted 
three DLR Falcon campaigns together with col-
leagues from DLR-FX, DLR-VT, and NASA investigat-
ing the properties of emissions from alternative jet 
fuels (both biofuels and synthetic jet fuels) which 
resulted in the high impact publication by Moore et 
al. (2017) in the journal Nature. Also, IPA successfully 
conducted a total of three campaigns with the DLR 
Falcon for the calibration and validation of ESA’s 
Aeolus mission.  

Recently, IPA started to make use of the DLR 
Cessna aircraft. In collaboration with DLR-FX, the 
technical infrastructure of the DLR Cessna was ex-
tended and certified to allow for the deployment of 
in-situ instrumentation, and a new GHG instrument 
package was set up by IPA. The comparatively small 
DLR Cessna aircraft allows for flexible (time) planning 
and for cost-effective measurements, and was de-
ployed successfully for the first time during the HALO 
CoMet 1.0 campaign in spring 2018. 

The success of IPA and its staff members is also 
recognized by corresponding prominent roles in 
important international activities: Specifically, insti-
tute staff members acted (or are still acting) as lead 
co-author of a chapter of the most recent WMO 
ozone assessment, as coordinating lead author of a 
chapter of the upcoming 6th assessment report of the 
IPCC, as chair of the 6th phase of the Coupled Model 
Intercomparison Project (CMIP6), and as director of 
the project office of SPARC (Stratosphere-
troposphere Processes And their Role in Climate), 
one of the core projects of the Word Climate Re-
search Programme (WCRP) (Chapter 5). 

IPA staff members were further awarded several 
prestigious awards such as the EREA best paper 
award, the NASA Henry J. E. Reid-award, several 
NASA group achievement awards, and a European 
Research Council (ERC) Synergy Grant on “Under-
standing and Modelling the Earth System with Ma-
chine Learning (USMILE)” (Section 5.7). 

Finally, the institute’s contributions to DLR’s re-
search programmes were generally rated as “OUT-
STANDING”, i.e. with the best available mark, during 
recent HGF evaluations (2018 and 2019) by interna-
tionally recruited, high level review boards. This ex-
ternal assessment and the accomplishments sketched 
above (and detailed below) provide a solid basis for 
the future development of IPA. 
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2 Methodological results  

2.1 Major experimental 
platforms  

 
 
During the reporting period, IPA was using a broad 
range of airborne, satellite- and ground-based exper-
imental platforms for in-situ and remote sensing 
observations from the ground to the mesosphere. 
Table 2.1-1 provides an overview of the experimental 
platforms deployed and the type of observations 
performed. The scientific fields covered include at-
mospheric dynamics, chemistry, aerosol, and cloud 
physics. The platforms were also used as test-beds for 
the preparation and validation of satellite-based in-
struments, for model evaluation, and for the charac-
terization of emissions from specific sources including 
pollution and GHGs from MPC, coal mines, and oil 
extraction facilities, as well as emissions from jet 
aircraft burning alternative fuels. 
 

 

Figure 2.1-1: DLR Falcon and HALO at Reykjavik airport 

in Iceland during the NAWDEX campaign. 

 

 
 
The research aircraft HALO and DLR Falcon are 

the platforms most frequently used by IPA (Figure 
2.1-1). Both aircraft are heavily instrumented with 
trace gas, aerosol, and cloud in-situ probes as well as 
lidar measurement systems. Recently, the HALO in-
strumentation was complimented by a novel IPA-
developed Rayleigh-Resonance-Fluorescence lidar 
ALIMA, which provides temperature and wind data 
from 10 to 100 km altitude (Section 2.2). A listing of 
HALO and DLR Falcon campaigns during the report-
ing period, where IPA acted as coordinator or was a 
major contributor, is given in Table 2.1-2 together 
with additional field campaigns performed using 
other aircraft and platforms.  
 
Table 2.1-1: Major experimental platforms used by IPA. 

Platform Type of observation 

Aircraft 

HALO 
 

trace gases, aerosols, clouds, wind, 
temperature (in-situ, lidar, radar) 

DLR Falcon  
 

trace gases, aerosols, clouds, wind, 
temperature (in-situ, lidar) 

DLR ATRA 
 

wake vortex encounter experiments, 
source aircraft for alternative fuels  

DLR Cessna GHGs, wind, temperature (in-situ)  

MDB Geophysica reactive nitrogen and sulphur gases  
(in-situ) 

IAGOS-CARIBIC nitrogen oxides (in-situ) 

Rocket/ Balloon  

Malemute rocket ion clusters and charged particles in 
the mesosphere (ROMARA) 

Zero-pressure 
balloon  

wind, temperature in mesosphere 
(BOLIDE) 

Zero-pressure 
balloon* 

ion composition in the stratosphere 
(BAMARA) 

Ground-based 

POLDIRAD cloud microphysics 

Platform for Wind 
Energy (PWE)  

DWLs, microwave radiometer,  
microphones, copter swarm  

CORAL  backscatter, temperature  

Satellites  

MERLIN* CH4 column densities 

Aeolus wind and aerosols 

EarthCARE* aerosols and clouds 

MSG volcanic ash, cirrus (SEVIRI)  

CALIPSO aerosols and cirrus clouds (CALIOP) 

*upcoming mission with strong IPA involvement 

Key achievements: 

• Significant involvement of IPA in three 
spaceborne lidar missions - ESA Aeolus, 
ESA/JAXA EarthCare, and CNES/DLR MERLIN  

• Participation of IPA in 26 international 
aircraft campaigns acting as coordinator or 
major contributor with HALO and DLR Falcon 
as main platforms 

• First time use of a research rocket as platform 
for measurements by IPA in the mesosphere 

• First participation in a NASA long-duration 
balloon flight with lidar measurements in the 
middle atmosphere 

• Introduction of the DLR Cessna aircraft as 
platform for IPA, dedicated to greenhouse gas 
measurements 
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Table 2.1-2: Aircraft, balloon, rocket, and ground-based observing campaigns with IPA participation 2016–2020. 

Acronym Field 
phase 

Region Platform/ 

Instrument 

Brief description 

EUREC4A 2020 Barbados HALO, POLDIRAD Convection, circulation, climate feedback 

SouthTRAC* 2019 Argentina HALO Dynamics and chemistry in Southern Hemisphere 
high-latitudes 

Southwave* 2019 Argentina CORAL Gravity waves over the Southern Andes  

Plate Lines* 2019 Vienna airport 3 Doppler lidars Reduction of wake-vortex lifetime by plate lines  

AFLUX 2019 Norway AWI Polar 5 Low clouds and dynamics 

ACT-America Phase 2 2019 USA Midwest NASA C-130 Natural and anthropogenic GHG emissions 

AVATARI* 2019 Iceland DLR Falcon Aeolus validation over North Atlantic & Greenland  

AVATARE* 2019 Europe DLR Falcon  Aeolus validation over Central Europe 

EUNADICS-AV* 2018 Germany/Austria Learjet, DA42, PC6 Simulation of a radioactive or chemical accident 

ECLIF2/NDMAX* 2018 Germany DLR ATRA,  
NASA DC8 

Emissions and contrails of alternative fuels 

PMC Turbo* 2018 North Atlantic, CA BOLIDE Study of processes leading to atmospheric turbulence 

EMeRGe-Asia 2018 Taiwan HALO Emissions from Megacities and population centres 

CoMet 1.0* 2018 Europe HALO, DLR Cessna  CH4 emissions in the upper Silesian Coal Basin 

WindVal III* 2018 Europe DLR Falcon Preparation of Aeolus validation  

Stadtklima3-DO* 2018 Berlin, Stuttgart DLR Cessna GHG emissions from cities  

PMWE1 2018 Andøya, Norway Rocket Heavy ions in the mesosphere  

ECLIF1* 2017 Germany DLR Falcon,  
DLR ATRA 

Emissions and contrails of alternative fuels 

A-LIFE* 2017 Cyprus DLR Falcon Absorbing aerosol, aerosol-cloud interaction 

StratoClim Phase 2* 2017 Nepal MDB Geophysica ASM, dynamics & composition  

CoMet 0.5/0.8* 2017 Poland ground platforms CH4 emissions from Silesian coal mines 

ACT-America Phase 1 2017 USA East Coast NASA C-130 Natural and anthropogenic GHG emissions 

WISE 2017 Ireland HALO Exchange processes in the extra-tropical  
tropopause transition layer 

WeCare* 2017 Germany DLR Falcon Emissions and contrails from lean combustion engines 

Perdigão-2017 2017 Portugal PWE Wind turbine wake in complex terrain 

EMeRGe-EU 2017 Germany HALO Emissions from European population centres 

StratoClim Phase 1* 2016 Greece MDB Geophysica ASM, dynamics & composition  

NARVAL 2.0 2016 Barbados HALO Convection, dust transport, and cloud feedback  

NAWDEX* 2016 Iceland HALO, DLR Falcon Impact of diabatic processes on jet stream  

WindVal II* 2016 Iceland DLR Falcon Preparation of Aeolus validation 

DACCIWA 2016 West Africa DLR Falcon Impact of air pollution on low-level clouds 

POLSTRACC 2016 Sweden HALO Polar ozone destruction in the Arctic winter  

ARISE2* 2016 Germany CORAL Fully automatic observation of GWs  

GW-LCYCLE* 2016 Sweden DLR Falcon Gravity waves at high latitudes  

Northwave* 2016 Finland CORAL Lidar observation of GWs  

*coordinated and co-coordinated by IPA 

 

The upcoming HALO missions with IPA contribu-
tions in the years 2020–2024 are listed in Table 2.1-3. 
IPA will act as coordinator for the missions CIRRUS-HL, 
WAVEGUIDE, CoMet 2.0-Arctic, and ECVAL (also 
Chapter 4).  

As a new IPA aircraft platform, the DLR Cessna 
was instrumented with measurement systems for 
long-lived GHGs (CO2, CH4, and N2O) and other cli-

mate-relevant trace gases by the Young Investigator’s 
Group “Greenhouse Gases” (Section 2.4). The DLR 
Cessna could be deployed successfully for measure-
ments of CH4 emissions from coal mines in Poland 
and emissions from the cities of Berlin and Stuttgart 
(Figure 2.1-2). Additional aircraft were used by IPA, 
e.g. DLR ATRA, MDB Geophysica, NASA DC8, and 
IAGOS aircraft (Table 2.1-2). 
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Table 2.1-3: Planned HALO campaigns with IPA participation 2020–2024. 

Mission Acronym Year Region Objectives 

CIRRUS-HL* 2020 North Atlantic, High Latitudes Cirrus properties at high northern latitudes 

HALO-(AC)3 2021 Arctic Arctic climate change, atmospheric teleconnections 

WAVEGUIDE* 2021 Arctic Gravity waves in the polar night jet (PNJ) 

ASCII 2022 Arctic, Central Europe Arctic springtime chemical climate investigations 

CoMet 2.0 Arctic* 2022 Arctic GHG budget, boreal wetlands 

ECVAL* 2023 Southern Europe, Mediterranean, Morocco EarthCARE validation 

TOOC1 2023 Central tropical Atlantic Tropical oceans and organized convection 

HALO-South 2023 New Zealand Aerosol and cloud microphysical properties 

PHILEAS 2024 South East Asia, East Asia and Pacific Export of air from the ASM 

*coordinated by IPA 

 

 

Figure 2.1-2: DLR Cessna measuring emissions from the 

coal power plant Belchatow, Poland. 

 
The DLR ATRA was deployed together with the 

DLR Falcon in formation flights for experiments on 
the avoidance of wake vortex encounters during 
cruise and characterization of emissions and contrails 
from alternative fuels. The MDB Geophysica strato-
spheric aircraft was used for measurements in the 
upper troposphere and lower stratosphere in the 
Asian summer monsoon (ASM). This region repre-
sents a major gateway for transport of trace gases 
and aerosols into the stratosphere (Section 3.1.3). IPA 
also continued regular measurements of nitrogen 
oxides on board an in-service Lufthansa A340 
(IAGOS-CARIBIC) and used humidity and cloud 
backscatter data from the IAGOS-Core commercial 
aircraft. 

For measurements of ion clusters and charged 
meteor smoke particles in the mesosphere, a single 
stage improved Malemute rocket was deployed in 
collaboration with the DLR MORABA and the Leibniz-
Institut für Atmosphärenphysik in Kühlungsborn 
(Section 3.1.3). The research rocket was launched 
successfully in 2018 from Andøya, Norway, equipped 
with a newly developed quadrupole mass spectrome-

ter (ROMARA) of IPA (Figure 2.1-3).  
An additional new development at IPA was a Ray-

leigh lidar system for a fully automated operation on 
board a balloon platform (BOLIDE). This lidar system 
provides mesospheric wind and temperature data and 
was flown successfully in 2019 during a long-
duration balloon flight (Section 2.2). 

 

 

Figure 2.1-3: Launch of a Malemute research rocket in 

Andøya, Norway, with the new IPA mass spectrometer 

ROMARA. 

 
Important deployments of ground-based meas-

urement systems included the use of three Doppler 
lidars at the airport in Vienna to demonstrate the 
reduction of wake-vortex lifetimes by plate lines in-
stalled in front of the runway and in Portugal during 
the Perdigão-2017 campaign to study the wake of a 
wind turbine in complex terrain. Furthermore, the 
compact IPA-developed ground-based Rayleigh lidar 
system CORAL (Section 2.2) was deployed in Finland 
and Argentina to investigate GWs over the Scandina-
vian mountain ridge and the Southern Andes, respec-
tively (Figure 2.1-4). 
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Figure 2.1-4: Rayleigh lidar system CORAL in Sodankylä, 

Finland. 

 
Concerning satellite based instruments, IPA is con-

tributing significantly to three European lidar satellite 
missions, ESA Aeolus, ESA/JAXA EarthCare, and the 
French-German MERLIN mission (Figure 2.1-5). The 
Aeolus satellite, launched in 2018, carries the first DWL 
in space and IPA is performing validation aircraft cam-
paigns and leads the Aeolus DISC, which is in charge 
of the quality of the Aeolus data (Section 3.1.1). 
EarthCare is an aerosol and cloud mission with an 
anticipated launch in 2022. IPA supports the prepara-
tion of this mission by developing methods for data 
validation and exploitation. Further, IPA acts as co-PI 
for the MERLIN mission. MERLIN will observe the CH4 
distribution and its temporal variations from space 
using an IPA-developed lidar (Sections 2.2 and 3.1.1). 
The launch is scheduled for 2025. 

 

 

Figure 2.1-5: MERLIN CH4 lidar mission 

(© CNES/illustration David DUCROS, 2016). 

2.2 Active remote sensing 

 
 
Active remote sensing using laser radiation  
(lidar = light detection and ranging) or microwaves 
(radar = radio detection and ranging) constitute unique 
methods to remotely sense the state of the atmos-
phere with unrivalled vertical resolution, high accuracy, 
and much less influence by solar radiation or aerosol 
and clouds than passive remote sensing techniques. 
Lidar and radar will therefore increasingly play a key 
role for measuring essential climate variables (ECV) in 
the atmospheric domain. Particularly in the field of 
lidar development, IPA has a more comprehensive 
portfolio of airborne lidar instruments than any other 
research group in the world. At IPA, lidar instruments 
for the measurement of aerosol and cloud properties, 
water vapour, O3, CO2, CH4, wind, atmospheric turbu-
lence, atomic iron, and temperature have been de-
vised, are regularly employed for scientific studies, and 
are continuously improved (Section 2.2.1). 

In the past years, significant progress has been 
achieved towards lidar instruments in space, which 
led to the selection of three lidar missions to which 
the institute significantly contributes (Section 3.1): 

Aeolus is an ESA mission that was launched in 
2018. Aeolus comprises the Atmospheric LAser Dop-
pler INstrument (ALADIN) and is the first European 
space lidar and the first lidar ever capable of perform-
ing global wind-component-profile observation re-
quired to improve weather forecasting. IPA is leading 
the Aeolus DISC, performs airborne validation cam-
paigns incorporating the demonstrator for Aeolus, 
and supports ESA as a member of the Aeolus Science 
Advisory Group. 

Key achievements: 

• Successful launch of the first Doppler wind 
lidar in space - Aeolus - with important 
contributions by IPA, providing invaluable 
global wind measurements for improved 
numerical weather prediction  

• Preparation of the MERLIN methane lidar 
mission advanced to Phase C with a scheduled 
launch in 2025 

• IPA continued developing and operating 
airborne lidar systems for the measurement 
of aerosol and cloud properties, water vapour, 
ozone, carbon dioxide, methane, wind, 
atmospheric turbulence, atomic iron, and 
temperature 

• Through combination of lidar and radar 
measurements, IPA advances the investigation 
of cloud microphysical properties 
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      2.2 Active remote sensing

EarthCARE (Earth Clouds, Aerosols and Radiation 
Explorer) is a joint European/Japanese (ESA/JAXA/NICT) 
satellite mission planned for launch in 2022. Its main 
goal is the observation and characterization of clouds 
and aerosols using a combination of active (lidar and 
radar) and passive (radiometers and imagers) instru-
ments. IPA is using an EarthCARE-like payload on 
HALO for the preparation of the future satellite mission 
and for the test and further development of satellite 
retrievals, and supports ESA through membership in 
the Mission Advisory Group. 

MERLIN (Methane Remote Sensing Lidar Mission) 
is a joint CNES and DLR satellite mission dedicated to 
the measurements of the GHG CH4 by means of the 
integrated path differential absorption (IPDA) tech-
nique. MERLIN, which dates back to IPA’s proposal, is 
currently in its phase C and scheduled for launch in 
2025. On the scientific side, IPA supports the MERLIN 
mission by providing the German principal investiga-
tor (co-PI) and three members to the scientific adviso-
ry group. In this framework, the institute is leading 
the activities to formulate science and validation plan 
as well as the Algorithm Theoretical Basis Documents 
(ATBD) and conducts studies for mission perfor-
mance, and algorithm verification. On the technolog-
ical part, IPA is supporting MERLIN e.g. through tech-
nological studies and the preparation of the payload 
operation centre (PLOC). 

Mainly motivated by the lidar/radar combination 
of the EarthCARE mission, recent methodological 
work on radars concentrated on the calibration of 
(airborne) radars, taking advantage of combining 
lidars and radars with multiple wavelengths, and 
investigated retrievals to exploit the synergy of these 
complementary approaches, primarily to study cloud 
microphysical properties. 

2.2.1 Lidar 

The institute’s methodological objectives concerning 
lidar are to develop new instruments and methods, 
devise airborne demonstrators for future spaceborne 
instruments and support these developments by feasi-
bility studies, design of technology testbeds, algorithm 
development, demonstration campaigns, and valida-
tion activities.  

Doppler wind lidars 

Concerning airborne DWLs, two systems are opera-
tional on aircraft, the 2-μm wind lidar and the ALADIN 
Airborne Demonstrator (A2D), which are currently 
primarily used for validation of the Aeolus satellite 
mission. While the former uses heterodyne detection 
and represents an independent method to derive the 
wind field, the latter one is a full Aeolus demonstrator 
using the same wavelength at 355 nm and relying on 
the same measurement principle. However, beyond 

validation purposes, these two lidars were also applied 
within scientific studies (Sections 3.1.1 and 3.1.2.) and 
their observation strategies, retrievals, and detection 
schemes have been improved. 
 

 

Figure 2.2-1: Measurement principle (a) and results (b, c) 

of a momentum-flux scan using the vertical wind speed 

from the 2-μm DWL measured at 7.8 km (b: black line) in 

comparison to the in-situ measured wind aboard HALO at 

the same altitude (b: red line) and the corresponding 

residual (c) between the two measurements. 

 
As an example, a novel scan pattern was applied 

to the 2-μm DWL during the GW-LCYCLE campaign II 
(2016) in Kiruna, Sweden, in order to simultaneously 
measure vertical wind and horizontal wind in flight 
direction and, hence enabling the determination of 
the vertical flux of horizontal momentum of GWs. 
These flux profile measurements allow studying both 
the propagation direction and the momentum 
transport of orographically induced GWs in different 
altitudes (Figure 2.2-1). 

Furthermore, using the 2-μm DWL, a novel lidar 
technique to perform high-spectral-resolution measure-
ments of the atmospheric backscatter based on hetero-
dyne detection was employed for the first time. This 
method not only allows to separate the molecular and 
the aerosol component of the atmospheric backscatter, 
but also to investigate the spectral shape of the Ray-
leigh–Brillouin spectrum and with that, the general 
possibility of retrieving atmospheric temperature. It was 
shown that atmospheric backscatter profiles from air-
borne measurements retrieved with this technique com-
pare very well with CALIPSO measurements. 
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Figure 2.2-2: Profiles of the wind speed measured with 

the 2-μm DWL below the aircraft. The enhancement of 

coverage between the old and the new retrieval scheme 

is clearly seen. 

 
In order to further increase the data coverage of 

the coherent 2-μm DWL, particularly for Aeolus valida-
tion, an existing accumulation algorithm was modified, 
by which data coverage could be increased by more 
than 50% (Figure 2.2-2) though at the expense of 
reduced horizontal and vertical resolution but still well 
within the requirements for Aeolus validation. 

 

 

Figure 2.2-3: Frequency variations of the A2D internal 

reference signal for the Rayleigh (green) and Mie (blue) 

spectrometer channels. The top and bottom panel show 

the results with and without implementation of a fibre 

scrambling device, respectively, clearly demonstrating 

the improved long-term stability which is crucial for the 

wind speed accuracy. 

 
The airborne direct-detection DWL A2D is DLR’s 

airborne demonstrator for the Aeolus mission and a 
key instrument for the validation of this mission (Sec-
tion 3.1.1). Within the course of preparatory cam-
paigns for Aeolus validation, speckle noise was identi-
fied as one of the major contributors to the random 

error of the A2D. This problem was overcome by the 
implementation of a fibre scrambler, which considera-
bly reduced the frequency variations of the internal 
reference signal by a factor of five (Mie channel) and 
two (Rayleigh channel), respectively (Figure 2.2-3). 

The direct detection DWL technique is also used at 
IPA in an application related to safety in aeronautics. 
For this purpose, a special DWL receiver was designed 
as the sensor in a feedforward gust load alleviation 
scheme for civil aircraft in cruise altitude (Section 
3.2.2). This novel receiver is based on a field-widened 
skewed Michelson interferometer (Figure 2.2-4) em-
ploying fringe-imaging on a fast linear detector.  

 

Figure 2.2-4: Simplified schematic of 

the newly developed DWL receiver 

(bottom) with a photograph of the 

monolithic Michelson interferometer 

(top). 

 

 
 

First atmospheric wind measurements in compari-
son to heterodyne DWL validated this concept with an 
achievable performance in precision of around 0.5 m/s, 
independent of the actual wind speed. This develop-
ment is pursued within the aeronautics Clear Air Tur-
bulence mitigation scheme described in Section 4.5.2. 

Middle atmosphere lidars 

The development line of IPA’s middle atmosphere lidars 
is focused on the investigation of GWs between 25 and 
~120 km altitude. For this purpose, a new ground-
based lidar system (Compact Autonomous Rayleigh 
Lidar, CORAL) has been developed, which is a signifi-
cantly improved version of its forerunner, the TELMA 
Rayleigh lidar that was deployed for the first time dur-
ing the DEEPWAVE campaign in New Zealand in 2014. 
CORAL is based on several technologies that are new to 
mesospheric lidars: diode-pumped laser at a wave-
length of 532 nm, highly integrated electronics, redun-
dant computer systems, and advanced software with 
fault protection algorithms. CORAL features three Ray-
leigh and one Raman channel with photon‐counting 
avalanche photo diodes (APD), and provides tempera-
ture soundings in the range of 30 to 85 km at a  
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temporal resolution of ~10 min. The entire lidar system 
is integrated into a custom-made 8-foot container and 
is fully automated and remotely controllable. CORAL 
was deployed in several field campaigns in Sodankylä, 
Finland, in Sulzberg, Germany - as part of the European 
ARISE-2 programme – and has continuously been oper-
ated in Rio Grande, Tierra del Fuego, Argentina, for 
over two years since November 2017. 
 

 

Figure 2.2-5: Left: The PMC Turbo balloon payload dur-

ing launch in Esrange, Sweden. Right: Photograph from 

the on-board camera over Greenland showing the 0.5-m 

BOLIDE telescope in the front. 

 
Based on the same technology, a balloon-borne 

version of a Rayleigh temperature lidar was built, 
dubbed BOLIDE (Balloon lidar experiment), and suc-
cessfully flown as part of the scientific payload of the 
NASA PMC Turbo experiment (Figure 2.2-5). PMC 
Turbo was designed to observe and quantify the 
dynamics of small‐scale GWs and instabilities using 
instruments aboard a stratospheric balloon. 

Throughout a flight lasting for six days in July 
2018 from Esrange, Sweden to Northern Canada at 
altitudes of ~38 km, BOLIDE measured the echoes of 
polar mesospheric cloud and provided profiles of 
temperature below the polar mesospheric clouds’ 
altitudes. A specific challenge was the operation in a 
pressure-tight vessel under stratospheric tempera-
tures requiring sophisticated thermal control includ-
ing a 1.6-m2 radiator. Corresponding results are re-
ported in Section 3.1.1. 

The next evolutionary step in the development of 
middle atmosphere lidars is ALIMA, the airborne lidar 
system for middle atmospheric research (Figure 2.2-6). 
Designed, characterized, and certified for operation on 
the German research aircraft HALO, it has successfully 
been employed during the SouthTRAC field campaign 
in Rio Grande, Argentina, in September and November 
2019 (Section 3.1.2).  

In order to be able to extend its range of tempera-
ture soundings to ~120 km altitude, it is foreseen to 
augment ALIMA by means of an iron fluorescence lidar. 
For this purpose a novel pulsed Nd:YAG laser operating 

at a wavelength of 1116 nm with third harmonic gener-
ation is currently in the construction phase. Because the 
third harmonic of this laser matches with the 372-nm 
absorption line of iron, this laser system represents a 
very promising alternative to alexandrite lasers common-
ly used in iron fluorescence lidars. This concept has 
already passed its proof of concept successfully. 
 

 

Figure 2.2-6: Photograph of the ALIMA lidar system on 

board HALO (left) and of its zenith-pointing beam dur-

ing an instrumental test on the apron (right). 

 

Greenhouse gas lidars 

In the early stage of the reporting period, the devel-
opment and certification of the combined CO2 and 
CH4 IPDA lidar CHARM-F was finalized. In the mean-
while, CHARM-F has successfully been deployed in a 
first international field mission (CoMet 1.0). Corre-
sponding results are reported in Section 3.1.1. Since 
CHARM-F has been devised as an airborne demon-
strator for the MERLIN mission, its deployment helped 
significantly in providing valuable technical advice to 
the industrial partners of the MERLIN consortium to 
successfully pass the critical design reviews (CDR) for 
important subsystems of MERLIN. Moreover, CHARM-F 
has also extensively been used to improve observation 
strategies, to develop retrieval algorithms and bias 
correction schemes, and as a testbed for detector 
development. 

As one representative example for such technologi-
cal support, the MERLIN internal calibration chain (ICC) 
may be mentioned. Stringent requirements need to be 
met for energy reference measurements within the 
internal calibration chain for IPDA measurements from 
space (and aircraft). However, the coherence of the lidar 
transmitter gives rise to speckle effects that have to be 
considered for accurate monitoring of the energy ratio 
of outgoing on-line and off-line pulses. As the result of 
detailed laboratory investigations, a successful imple-
mentation for an internal calibration chain was realized 
for CHARM-F (Figure 2.2-7) and will be realized in a 
modified version also for MERLIN.  
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Figure 2.2-7: Top: Schematic set-up of the energy mon-

itoring sub-module of CHARM-F. A moving diffusor 

between successive integrating spheres reduces the 

speckle- related noise of the energy calibration. Bot-

tom: Allan deviations showing the noise of the ratios 

of online to off-line energy without speckle reduction 

measures applied (black) while the red and green 

symbols show the result with speckle decorrelation in 

a single or double wavelength operation, respectively. 

With the decorrelation mechanism the noise is in-

creased on the short term but follows the desired 

white noise behaviour. 

 
Another source of potentially large errors to 

spaceborne IPDA measurements can arise from dis-
crepancies between assumed and actual pointing of 
the laser beam. In order to assess such errors, a 
method has been devised and successfully applied to 
airborne CHARM-F data that is also readily applicable 
to satellite measurements. This technique is based on 
the comparison of ground elevations derived from 
the lidar ranging data with high-resolution topogra-
phy data. It is demonstrated that geo-referencing of 
the lidar ground spot trace is possible with an uncer-
tainty of less than 10 m (Figure 2.2-8). 

    

 

Figure 2.2-8: Top: Illustration of pointing geometries of 

a spaceborne IPDA showing the uncertainties intro-

duced by an inaccurate pointing knowledge. Bottom: 

Zoom into the ground elevations along a CHARM-F 

flight path in Central Italy after having applied the 

method for pointing angle correction using SRTM eleva-

tion data. 

 
MERLIN, but also ESA’s A-SCOPE mission that was 

investigated within a Phase-A study but did not ad-
vance due to lacking technological heritage, uses 
solid state lasers working in pulsed (nanosecond) 
regime. Such lasers usually are bulky systems with 
low wall-plug efficiency which renders their space-
borne applications challenging. Therefore, also alter-
native technologies are investigated at IPA. In a joint 
effort within the EU H2020 project BRITESPACE the 
goal was to demonstrate that high brightness semi-
conductor lasers can be used as optical sources in 
space lidar applications, which require simultaneously 
high power, beam quality and spectral purity. Within 
BRITESPACE, a complete system for CO2 IPDA meas-
urements using random modulation continuous wave 
(RM-CW) semiconductor lasers, as well as single pho-
ton detection has been designed, and implemented. 
For comparative measurements CHARM-F constitutes 
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an ideal reference test bench (Figure 2.2-9). Also the 
self-referenced frequency optical comb, available in 
the IPA laboratory, was an asset for careful diagnosis 
of the spectral stability of the RM-CW lidar. Overall, 
the measurements qualitatively demonstrate the 
feasibility of CO2 IPDA measurements with an RM-
CW system. However, the retrieved accuracy is still 
more than one order of magnitude away from the 
threshold requirement for a spaceborne IPDA lidar 
mission for CO2. In particular, solar background, 
detector noise, and speckle effects were found to be 
a challenge for RM-CW lidars. Nevertheless, these 
results are an important step to pave the way for this 
type of lidar technology in the future. 
 

 

Figure 2.2-9: Schematic set-up of the experimental ar-

rangement of the RM-CW IPDA lidar and CHARM-F’s 

receiver system including the frequency monitoring 

during the comparative measurements. 

 
Beyond adequate laser technology, the availability of 

high-quality detectors with appropriate size and low 
noise properties is an essential prerequisite for successful 
infrared lidar applications. Within several studies, 
CHARM-F was used as a test bed for detector investiga-
tions for CO2 and CH4 differential absorption lidar (DIAL) 
measurements. Instead of using direct infrared detec-
tors, an alternative approach was explored for the first 
time for CO2 and CH4 lidars: upconversion detectors that 
efficiently translate infrared signal into the visible spec-
tral range – where much better detectors exist – were 
successfully tested. After several steps of improvement, 
the upconversion detector did outperform the standard 
InGaAs APD detector of CHARM-F. On that basis and 
for the first time, range resolved measurements of CH4 
using an upconversion detector could be demonstrated. 
This technology is promising for the future, particularly 

for true range-resolved measurements, similar to recent 
developments on detectors with avalanche gain based 
on mercury cadmium telluride (MCT, HgCdTe) that 
likewise will be tested in comparison to CHARM-F within 
the EU Project HOLDON. 

Certainly, the well-established WALES lidar system 
featuring a water vapour lidar and a high spectral 
resolution lidar (HSRL) is also part of the portfolio of 
GHG lidar systems at IPA. Due to its maturity, it is 
regularly applied within field studies, which are pre-
sented in Section 3.1.1. Current methodological work 
rather concentrates on the synergy of this lidar with 
other remote sensing technologies such as radar.  

2.2.2 Radar 

Multiple radar systems complement the active remote 
sensing activities at IPA to study cloud physics and the 
formation of precipitation. In recent years, studies with 
the polarization diversity Doppler weather radar 
POLDIRAD (λ = 5.5 cm) on top of the institute’s building 
were combined with multiple cloud radars and micro 
rain radars (MRR) at different wavelengths. Besides the 
ongoing long-time measurements of precipitation pro-
cesses with the micro rain radars at Oberpfaffenhofen, 
Munich Airport, and at Manching Airport, the combina-
tion of radar systems at different wavelengths and the 
combination of radar with other sensors (e.g. lidar or 
passive radiometers) became a central focus of scientific 
studies at IPA. Major steps were achieved in the imple-
mentation and further development of microphysical 
cloud retrievals using three, high-power Ka-band cloud 
radars flown on board the German research aircraft 
HALO, located at the Ludwig-Maximilians-University 
Munich (LMU) and at the observatory Schneefernerhaus 
on mount Zugspitze. 

Calibration of the HALO cloud radar 

The absolute calibration (<1 dB) of a cloud radar is an 
indispensable prerequisite to provide accurate cloud 
microphysics. For an airborne cloud radar system, how-
ever, this is a challenging task. The missing ability to 
point the line of sight to an external reference source 
makes it difficult to calibrate the overall system. In recent 
years, significant progress has been achieved in the 
absolute calibration of the airborne cloud radar HAMP 
MIRA on board HALO. In this study, the internal calibra-
tion of the instrument was performed by characteriza-
tion of the individual instrument components in the 
laboratory. In addition, the internal calibration was vali-
dated with external reference sources like the ocean 
surface backscatter and different air- and spaceborne 
cloud radar instruments. The characterization of the 
spectral response and the transfer function gave valua-
ble new insights into the receiver sensitivity and addi-
tional attenuations, which led to a major improvement 
of the absolute calibration. As a consequence, the radar 
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observations measured during previous campaigns had 
to be corrected by +7.6 dB. To validate this offset and 
the internal calibration, the well-defined ocean surface 
backscatter was used as a calibration reference. With 
the new absolute calibration, the ocean surface 
backscatter measured by HAMP MIRA agreed very well 
(<1 dB) with modelled values and values measured by 
the GPM satellite (Figure 2.2-10). As a further cross-
check, flight experiments over Europe and the tropical 
North Atlantic were conducted. With radar reflectivities 
between the well-calibrated RASTA (airborne) and 
CloudSat (spaceborne), the accuracy of the absolute 
calibration was estimated to be around 1 dB.  
 

 

Figure 2.2-10: Normalized radar cross section of the 

ocean surface as a function of the radar beam incident 

angle; Measurements by HAMP MIRA (red/green: 

old/new calibration), the GPM satellite (blue) and mod-

elled values (CM: Cox–Munk model, black). 

 

Figure 2.2-11: Simultaneous collocated cross sections 

measured with the C-band POLDIRAD at DLR and the 

Ka-band MIRA at LMU with (top) Ka-band reflectivity 

and (bottom) the corresponding dual-wavelength ratio 

as an indication of particle growth. 

Multi-wavelength cloud radar studies 

An on-going effort at IPA is the investigation of a 
new approach to study the ice particle growth and its 
role in precipitation formation using dual-wavelength 
measurements from two polarimetric radars. Since 
radar reflectivity scales with the sixth power of the 
particle size when the radar wavelength is larger than 
the particle and with the second power when the 
wavelength is smaller, the dual-wavelength ratio 
(Figure 2.2-11, bottom) between C-band (λ = 5.5 cm) 
and (Ka-band, λ = 0.8 cm, Figure 2.2-11, top) can be 
used to observe the growth of ice particles. Using 
collocated cross section measurements between the 
C-band radar POLDIRAD and the Ka-band radar MIRA 
at LMU, an ice particle retrieval scheme using the 
dual wavelength ratio (DWR) between both radars as 
well as using further polarimetric observations is 
being developed.  

2.2.3 Lidar-radar synergy 

The ability to perform simultaneous radar and lidar 
measurements on a single platform (e.g. airborne or 
spaceborne) provides two advantages: First, lidar 
measurements are sensitive to small particle sizes and 
are thus an optimal tool for the characterization of 
aerosols and thin ice clouds. In contrast, the radar is 
sensitive to larger particles and thus able to character-
ize clouds and precipitation. Second, the synergistic 
use of radar and lidar measurements can provide more 
information on the ice cloud microphysics, e.g. the ice 
water content (IWC) and the effective radius than with 
a single instrument alone.  

Adaptation of a synergistic ice cloud retrieval  

Within the last years, great efforts were made during 
the NARVAL and NAWDEX airborne campaigns to 
acquire combined radar, lidar, and solar reflectance 
measurements on a single platform to develop syner-
gistic cloud retrievals.  

For this task, the rigorous application of an online 
forward model to simulate the multiple-scattering lidar 
and radar signals with the corresponding Jacobians 
was chosen. This VarCloud algorithm is central to the 
operational DARDAR-CLOUD product, which contains 
ice cloud microphysical properties retrieved from the 
cloud radar and lidar measurements from the A-Train 
mission. Based on the meteorological condition (e.g. 
temperature), a-priori profiles of extinction, lidar ratio 
and number concentration are assumed and then used 
to forward model radar and lidar signals. The forward-
modelled signals are then compared to the measured 
signals, while the state profiles are changed iteratively 
to better fit to the measurements. Subsequently, cloud 
microphysical properties (e.g. IWC and cloud effective 
radius) are derived from the converged state profile.  
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At IPA, the VarCloud framework was adapted to 
the HALO instrumentation to exploit the radar and 
lidar measurements performed during recent airborne 
campaigns. Due to the different wavelengths and 
sensitivities of the HALO instruments, new single scat-
tering properties and a new target classification algo-
rithm needed to be developed consequently. The adap-
tation of the algorithm was verified (Section 3.1.1) 
using the retrieval on collocated HALO underflights of 
the A-Train (different resolution) and the French SAFIRE 
Falcon aircraft (different wavelengths). In this context, 
the close cooperation with colleagues at LATMOS and 
CNRS was essential for the success of this project. For 
the first time, now full profiles of ice cloud microphys-
ics can be retrieved from the active instrumentation on 
HALO, which represents a significant contribution to 
the understanding of the physics of ice clouds. 

Improvement of the synergistic ice cloud retrieval 

In a recent study, IPA’s innovations to the operational 
algorithm DARDAR were presented. Based on a large 
data set of in-situ cloud measurements, the microphys-
ical assumptions – i.e. the normalized particle size 
distribution, the mass-size relationship, and the a-priori 
profiles were refined. The update of the microphysical 
assumptions strongly affected the IWC retrievals 
(−50 % to +40 %) with largest differences in lower 
level, radar-only regions and more complex cloud 
microphysical processes (Figure 2.2-12a). 
 

 

Figure 2.2-12: Difference of retrieved IWC between the 

old and the improved DARDAR version for a global 

ATrain data set of ten days. (a) Difference caused by the 

new mass-size relationship; (b) Total difference in IWC. 

 
Additionally, it was shown that the retrieved lidar ra-

tio is well constrained in regions where lidar measure-
ments are available. Using these regions, the parameter-
ization of the lidar ratio was refined, which led to a 
reduction of IWC at low temperatures (up to -70 % 
below −80°C) while effective radii were not impacted. 
On average, all changes (Figure 2.2-12b) resulted in a 
better agreement with the aircraft in-situ data set with 
smaller IWC (-16%) and ice water path (-24 %) values, 
as well as increased retrieved effective radii (+15 %). 

2.3 Passive remote sensing 

 
 
Passive remote sensing at IPA focuses mainly on climate-
relevant components in the Earth-atmosphere system 
from various platforms.  

Passive remote sensing from geostationary platforms 
like the MSG satellites provides a high temporal resolution 
together with a large spatial coverage. This combination is 
exploited at IPA to study, in particular, the temporal evolu-
tion and horizontal inhomogeneity of both anthropogenic 
(Section 3.2.1) and natural cirrus clouds (Section 4.4) and 
to evaluate numerical models with various spatial and 
temporal resolutions. IPA further uses these geostationary 
observations to support air traffic management (ATM) 
with its well-established spaceborne tools encompassing 
thunderstorm detection, tracking and nowcasting tech-
niques as well as volcanic ash retrieval methods. 

The High-resolution Infrared Radiation Sounder (HIRS) 
instruments, deployed on the NOAA polar orbiting satel-
lites, provide long-term measurements of humidity pro-
files over the last 30 years. A new retrieval method de-
veloped at IPA allows for consistent retrievals of upper 
tropospheric humidity, an important variable for climate 
variability studies since the contribution of water vapour 
in the upper troposphere to the radiative cooling of the 
atmosphere is disproportionately large (Section 3.1.3). To 
further study atmospheric dynamical processes, IPA 
deploys a microwave temperature profiler aboard HALO. 

Finally, IPA is working on passive remote sensing 
techniques and concepts for the retrieval of atmospheric 
GHG abundances and, ultimately, the determination of 
the corresponding fluxes at regional and local scales. In 
particular, IPA together with the University of Heidelberg 
is leading the development of a novel instrument con-
cept CO2Image for the monitoring of localized CO2 
emissions from space (Section 4.2.3).  

Ice cloud retrieval for investigating life cycles of 
natural ice clouds and contrail cirrus  

For the detection of thin ice clouds and the determina-
tion of their properties, a set of new artificial neural 
networks (NN, Section 2.7) was trained using coincident  
 

Key achievements: 

• A new machine learning retrieval of ice 
clouds from geostationary data now allows for 
the life cycle analysis of natural and 
anthropogenic thin cirrus clouds 

• IPA’s CO2 satellite instrument concept CO2Image 
has been selected for Phase A study 

• A new consistent retrieval enables long 
time series of upper-tropospheric humidity 
over ice
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observations from the spaceborne CALIOP lidar as refer-
ence. The resulting CiPS (Cirrus Properties from SEVIRI) 
algorithm shows very good detection capabilities: more 
than 70% of all ice clouds with optical thickness of 0.1 
are identified, even in the presence of liquid water clouds 
or aerosol layers below the cirrus, while the CiPS false 
alarm rate is low (3.9%). Furthermore, CiPS is able to 
derive ice optical thickness, ice effective radius, ice cloud 
top height (CTH) and ice water path (Figure 2.3-1). The 
latter quantity is particularly interesting since it is one 
prominent cloud physical variable in numerical models. 
 

 

Figure 2.3-1: Relationship between the ice water path 

from CiPS and collocated observations by CALIOP. 

 

Satellite monitoring of volcanic ash propagation 

The VADUGS retrieval algorithm detects volcanic ash at 
high temporal resolution from data of the SEVIRI imager 
through a NN approach (Section 2.7). Being developed 
after the eruption of the Icelandic Eyjafjallajökull volcano 
in 2010, it was thoroughly tested in the past years for 
the major volcanic eruptions observed by SEVIRI (Section 
3.2.2). The insights gained from these studies formed 
the starting point for the implementation of a more 
accurate algorithm. In particular, more realistic volcanic 
ash refractive indices have been derived to mirror varia-
bility in ash composition from different volcanoes. The 
training data set was considerably extended to better 
cover possible background atmospheric conditions and 
volcanic ash plume characteristics. Finally, new retrieval 
implementation strategies were evaluated. 

Improved upper tropospheric humidity retrieval 
for understanding ice cloud processes 

The HIRS instruments have the potential to provide 
long time series of upper-tropospheric humidity over 
ice. However, discrepancies in the retrieved humidity 
from different satellites hinder this goal. In particular, a 
wavelength shift of channel 12 from HIRS2 on NO-
AA14 to HIRS3 on NOAA15 led to a disproportionate 
increase in the occurrence of high humidity. This issue 

was solved with a novel retrieval, which extends the 
linearizations in the formulation of water vapour satu-
ration pressure and in the temperature dependence of 
the Planck function to second order (Figure 2.3-2). 
 

 

Figure 2.3-2: With the new retrieval of upper tropospheric 

humidity over ice data from the HIRS sensors aboard 

NOAA14 and NOAA15 are aligned along the diagonal. 

 

Airborne temperature measurements for the 
assessment of atmospheric dynamical processes 

To understand atmospheric dynamical processes, 
knowledge of the temperature profile is required. To 
this end, the microwave temperature profiler (MTP) 
was acquired from NASA-JPL and modified to allow for 
autonomous flight deployment on HALO. The instru-
ment has been thoroughly characterized, calibrated 
and applied in two campaigns. The measurements of 
vertical temperature gradients are used to determine 
the tropopause altitude and derive vertical profiles of 
potential temperatures and the Brunt-Väisälä frequen-
cy (N2). Information about vertical gradients in both, 
temperature and Brunt-Väisälä frequency, can be used 
to detect atmospheric GWs and extract characteristics 
like their wave number, amplitude, and frequency 
along with the overall atmospheric state. 

Greenhouse gas measurements for flux estimates 
at regional and local scales 

A Fourier-Transform Spectrometer (FTS; EM 27/SUN) 
was acquired and adapted for mobile stop-and-go GHG 
measurements from aboard a truck (Figure 2.3-3). It was 
deployed in the Upper Silesian Coal Basin during the 
CoMet 1.0 field campaign in 2018 (Section 3.1.3) to 
seek out CH4 enhancements originating from coal mine 
ventilation shafts. Together with ground-based wind 
lidar data and a mass balance approach, it was shown 
that the estimated regional CH4 fluxes are in broad 
agreement with the E-PRTR emission inventory, demon-
strating the potential of the measurement methodology 
for independent flux estimation and verification.  
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Figure 2.3-3: FTS instrument setup mounted on a truck 

for mobile stop-and-go CH4 measurements. 

 
The novel instrument concept CO2Image devel-

oped at IPA represents a spaceborne imaging spec-
trometer with a fine ground resolution of 50×50 m2. 
The latter is required to resolve CO2 plumes also from 
medium-sized power plants (1-10 Mt CO2 yr-1), but is 
achieved at the expense of a comparatively coarse 
spectral resolution. Furthermore, only a single spec-
tral window is envisaged for the instrument to fit on 
compact satellite platforms. In a first step, the con-
cept has been proven by spectrally degrading state-
of-the-art GOSAT measurements to the targeted 
spectral resolution. Furthermore, only a single spec-
tral window is envisaged for the instrument to fit on 
compact satellite platforms. Figure 2.3-4 shows the 
residuals in the retrieved column-averaged dry-air 
mole fraction of CO2 (XCO2) between the CO2Image 
concept and the native GOSAT retrieval, averaged 
over eight years of observations. Only a slight reduc-
tion (0 to 3 ppm; < 1%) in XCO2 retrieval error is 
observed, indicating the potential of resolving local-
ized CO2 plumes. Given the promising results of a 
first performance assessment, the CO2Image instru-
ment concept was recently selected to enter Phase A, 
towards becoming a demonstrator payload aboard 
the third Compact Satellite (CompSat) of DLR. 
 

 

Figure 2.3-4: Averaged residuals in the retrieved XCO2 

between the new instrument concept’s spectral setup 

(SWIR-2) and the native GOSAT retrieval (FP). 

 
Since 2019, IPA is also supporting the TCCON (To-

tal Carbon Column Observing Network) station on 
Ascension Island (South Atlantic Ocean) that has been 

observing XCO2, XCH4, XN2O and other GHGs since 
2012. In a collaborative project with LMU, IPA covers 
the station's direct operational and maintenance cost. 
The TCCON station will be an important component 
for future validation of MERLIN (Section 4.2.3). 

 
 

2.4 In-situ instrumentation 

 
 
The properties of atmospheric trace gases, aerosol 
particles and clouds have a wide range of effects on 
the Earth’s atmosphere radiation budget, chemical 
processes, the water cycle and weather. To increase 
our understanding of atmospheric processes detailed 
knowledge of the controlling parameters is essential. 
Many of those parameters are only accessible by in-
situ characterization from airborne platforms. Such 
in-situ measurements using a combination of numer-
ous instruments represent a key competence of IPA. 
Measured quantities include gas and particle concen-
trations, particle size distributions and shapes as well 
as optical properties. Studies using in-situ data then 
include modelling and remote-sensing comparisons 
and validations and serve as input to constrain model 
development. This section presents recent develop-
ments in the in-situ measurement capabilities and 
adaptations to various platforms available to IPA. 
Subsequent sections are discussing improvements in 
the field of gas-phase atmospheric composition, 
volatile organic compounds to aerosols and finally 
cloud particles. 

Key achievements: 

• Set up and first deployment of an airborne in-
situ greenhouse gas instrument package 
including a versatile laser absorption spectrometer 

• Development of a gas chromatographic and 
mass spectrometric measurement technique 
for volatile organic compounds and 
organic acids 

• Development of a rocket-borne mass 
spectrometer for the detection of heavy 
cluster ions and charged particles in the 
Middle Atmosphere  

• New capability at IPA to measure the 
complete size range of hydrometeors from 
0.5 μm up to several mm utilizing a 
comprehensive instrument suite of airborne 
cloud probes 

• Calibration of scattering and optical array 
cloud probes using the new droplet 
generators and new spinning disc setups is 
from now on possible 
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2.4.1 Trace gas and aerosol 
instrumentation 

Airborne measurements of anthropogenic green-
house gas emissions and related tracers 

The atmospheric budget of the second most important 
anthropogenic GHG CH4 is not well understood and an 
increase of anthropogenic emissions for the recently 
observed strong increases of atmospheric CH4 is highly 
debated in the literature. The IPA Young Investigator’s 
Group “Greenhouse Gases” therefore aims at a better 
quantification of CH4 emissions with a focus on anthro-
pogenic sources, including fossil fuel and urban emis-
sions. To this end, aircraft-borne in-situ measurements 
are employed to enable deriving top-down based emis-
sion estimates on local to regional scales. The observed 
emission fluxes are then compared with officially report-
ed emissions (Section 3.1.3).  
 

 

Figure 2.4-1: A direct comparison between dry-air mole 

fractions of CH4 and ethane retrieved from DLR QCLS, 

NASA CRDS and NOAA flasks for a flight on 3 October 

2017 (top). View from the NASA C130 during a flight 

over Nebraska (bottom). 

 
To allow for fast and precise measurement of CH4 

and related tracers, IPA demonstrated the successful 
adaption of a commercially available quantum cascade 
laser (QCL)/interband cascade laser (ICL) based spec-
trometer for the airborne in-situ measurements of a 
number of key species. The instrument measures simul-
taneously CH4 and the other two most dominant an-
thropogenic GHGs CO2 and nitrous oxide (N2O) as well 
as important tracers such as ethane (C2H6), indicative 
for fossil fuel CH4 emissions, and CO, released during 
incomplete combustion processes.  

The first field deployment during NASA’s ACT– 
America campaign in fall 2017 allowed for a detailed 
intercomparison of CH4 measurements using a calibrat-
ed cavity ring-down GHG analyser (CRDS, operated by 
NASA Langley Research Center), and of C2H6 and N2O 
measurements by using periodic flask samples analysed 
at the National Oceanic and Atmospheric Administration 
(NOAA). The measurements agreed very well for all 
species within the uncertainties, but it is worth noting 
that the new instrument allows for continuous C2H6 and 
N2O measurements during the flight and thus, for a 
much more detailed analysis (Figure 2.4-1). 

Instrumentation of the DLR Cessna for in-situ 
measurements of GHGs and air pollutants 

The airborne study of GHG emissions, which are pri-
marily released at the surface, requires the use of a 
versatile aircraft suitable for measurements in the 
boundary layer. To this end, IPA set up an instrument 
package consisting of a suite of state-of-the-art in-situ 
instruments for deployment on the DLR Cessna re-
search aircraft (Section 2.1). The instrument package 
includes well-established instruments to measure ni-
trogen dioxide (NO2), O3 and GHGs as well as the QCL 
spectrometer described above. Furthermore, a flask 
sampler for air sampling and subsequent analysis in a 
laboratory was built and certified in close collaboration 
with the MPI for Biogeochemistry in Jena. 
 

 

 

Figure 2.4-2: Top: 3D plot of measured NO2 concentra-

tions colour coded along the box pattern above Stuttgart 

(left) and cabin view of the DLR Cessna (right). Bottom: 

trace gas mixing ratios as measured during the flight on 9 

July 2018. Grey areas indicate measurements within the 

Stuttgart plume. 

 
Figure 2.4-2 illustrates the potential to study local 

to regional emissions by using the agile DLR Cessna 
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aircraft. It shows data taken during the Urban Climate 
Under Change [UC]2 BMBF project in Stuttgart. The 
flight pattern was designed to sample air masses in 
and outside of the Stuttgart valley, flying a box pattern 
at several altitudes within and above the polluted 
atmospheric boundary layer (ABL). Each time the valley 
was entered within the boundary layer, large en-
hancements of NO2 of up to 35 ppb were observed 
(see grey shaded areas). NO2 enhancements showed a 
strong correlation with CH4 and CO2 due to accumula-
tion of urban emissions, but were anti-correlated with 
O3 (due to the effect of O3 titration by the large 
amount of nitrogen oxides). These measurements are 
especially useful to study the distribution of pollutants 
within the valley of Stuttgart and will be used for the 
evaluation of the new urban climate model, PALM-4U 
(University of Hannover), and the IPA model MECO(n) 
(Section 2.5). 

Towards consistent measurements of atmospheric 
water vapour 

The new instruments for accurate water vapour meas-
urements AIMS-H2O and WARAN are designed to 
accurately measure humidity in the dry upper tropo-
sphere and lower stratosphere. In the past decades, 
 

 

Figure 2.4-3: Intercomparison of water vapour meas-

urements by five instruments on HALO during the ML-

CIRRUS mission. 

 
substantial discrepancies between different measure-
ment platforms and techniques were observed, limiting 
our ability to adequately address a number of relevant 
scientific questions on the humidity distribution, cloud 
formation and climate impact of water vapour. During 

the HALO campaign ML-CIRRUS in 2014, five state-of-
the-art hygrometers on the same aircraft were com-
pared. Figure 2.4-3 shows the difference of all five 
instruments relative to the mean measured value. 
While the overall bias is lower than 10% for all instru-
ments, some regions, especially the dry lower strato-
sphere are still prone to discrepancies larger than what 
is desired to accurately assess the radiative effect of 
water vapour in that region. 

Stratospheric tracers for the quantification of 
transport processes in the upper troposphere and 
lower stratosphere (UTLS) 

The Atmospheric chemical Ionization Mass Spectrome-
ter (AIMS) in the trace gas configuration can be oper-
ated with SF5

- ion chemistry to detect hydrogen chlo-
ride (HCl), chlorine nitrate (ClONO2) and nitric acid 
(HNO3) as well as SO2. The overall accuracy of the 
instrument of 20% is achieved through an inflight and 
online calibration. The detection limit for the various 
trace gases is in the low 10 ppt range at a 1 s time 
resolution and facilitates investigation of small scale 
processes involving transport and chemistry at the 
tropopause. First ClONO2 measurements with AIMS in 
the polar vortex have been performed during ESMVal 
and later on in the Arctic polar vortex during POL-
STRACC (Section 3.1.3). The new combination of in-
situ measurements with high spatial resolution and 
accuracy is world-wide unique and allows for a de-
tailed investigation of the chemical composition of the 
polar UTLS. Large depletion of chlorine reservoir spe-
cies and nitric acid have been observed at 68°N sug-
gesting a high amount of active chlorine (ClOx) in the 
lower stratosphere and denitrification (Figure 2.4-4).  
 

 

Figure 2.4-4: Profile of ClONO2 mixing ratio in the Ant-

arctic Polar Vortex. Blue dots mark a situation with 

depletion of chlorine reservoir species, grey dots show 

expected ClONO2 derived from correlations with stable 

tracers like N2O for comparison. 
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Automatic mass spectrometer for the MDB Geo-
physica high-flying research aircraft 

A novel ion trap mass spectrometer was developed for 
the MDB Geophysica high-flying research aircraft, 
which is capable to measure simultaneously SO2 and 
sulphuric acid (H2SO4) using active and passive CIMS 
(chemical ionization mass spectrometry). This is the first 
kind of such an instrument on a stratospheric aircraft. 
Active CIMS is based on CO3- ion chemistry in a reactor 
with an ion source, while passive CIMS rely on the 
detection of ambient NO3- and HSO4- cluster ions. The 
instrument is housed in a pressurized container and is 
mounted in the front payload bay of the MDB Geo-
physica. The instrument was deployed during the MDB 
Geophysica campaign StratoClim (Section 3.1.3) for 
measurements in the ASM region. Figure 2.4-5 shows 
SO2 profile measurements performed during two MDB 
Geophysica flights on 8 and 10 August 2017 during 
StratoClim. These are the first SO2 measurements in 
the centre of the ASM anticyclone (ASMA). Signatures 
from convective outflow of SO2 from anthropogenic 
sources and of volcanic SO2 were detected in the upper 
troposphere and lower stratosphere, respectively. 
 

 

Figure 2.4-5: Measurements of SO2 volume mixing ratios 

(mean values averaged over 0.5 km intervals and stand-

ard deviations) during StratoClim flights on 8 and 10 

August 2017 in the centre of the ASMA with the newly 

developed ion trap mass spectrometer aboard the MDB 

Geophysica high-altitude aircraft. For comparison SO2 

measurements from HALO at the ASMA edge during the 

OMO campaign (2015) are also shown. 

 

Development of measurement techniques for 
volatile organic compounds and organic acids 

Volatile organic compounds (VOCs) and organic acids 
play an important role in atmospheric chemistry and 
serve as precursors of secondary organic aerosol. Sig-
nificant sources of VOCs and organic acids are emis-

sions from road transportation, industrial sources, 
solvent use, biomass burning, and biogenic sources. 

A measurement system was set up during the re-
porting period for ground and aircraft-based measure-
ments of VOCs using sorbent tubes for sampling fol-
lowed by thermal desorption – gas chromatography (TD-
GC) analysis. The TD-GC system is based on a measure-
ment system developed at IPA for the detection of per-
fluorocarbon compounds. The sampling tubes are filled 
with three different sorbent substances to cover im-
portant aromatic hydrocarbons from traffic and industri-
al sources, like benzene and naphthalene, as well as 
polyaromatic compounds, like isoprene, emitted from 
biogenic sources. The extraction and transfer of the 
VOCs from the sample tubes to the analysis system is 
performed in two stages including several steps (e.g. 
heating, desorption, re-concentration, injection). This 
process allows for high-resolution chromatography with 
a quantification limit between 3-7 ppt depending on 
volatile organic compound.  

 

 

Figure 2.4-6: Measurements of EI of cyclic hydrocarbons 

(emitted mass of VOC per kg fuel burnt) in the exhaust 

trail of the DLR ATRA at cruise altitude for a biofuel 

blend and conventional kerosene for two cruising Mach 

numbers. 

 
The VOC measurement system was used aboard 

HALO in combination with the perfluorocarbon tracer 
method during EMeRGe for the characterization of 
pollution plumes of megacities and MPC in Europe and 
Asia (Section 3.3.1) and during ECLIF2/NDMAX aboard 
the NASA DC8 for measurements in the exhaust trail of 
the DLR ATRA burning alternative fuel blends (Section 
3.2.1). Figure 2.4-6 shows emission indices (EI) of cyclic 
hydrocarbons measured in the exhaust of the DLR ATRA 
during cruise conditions for flights with conventional 
kerosene and flights with a blend of biofuel with kero-
sene for different Mach numbers. Cyclic hydrocarbons 
play a major role in the formation of soot during com-
bustion. The emissions of unburned cyclic hydrocarbons 
per kg burnt fuel are significantly lower in the jet engine 
exhaust for the biofuel blend compared to pure kero-
sene with the exception of benzene. 
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A measurement technique for formic acid 
(HCOOH) detection, a major organic acid in the at-
mosphere, was developed based on CIMS. The ion-
molecule reaction used is CO3- reacting with HCOOH 
in a proton exchange reaction forming HCOO- product 
ions. Calibrations are performed by adding a known 
flux of formic acid to the sample air generated by a 
permeation source. A potential cross-sensitivity of the 
CIMS technique to the inorganic acid HNO3 was tested 
and could be excluded. An example of formic acid 
measurements aboard HALO in the pollution plume of 
the megacity Manila is shown in Section 3.3.1. 

New rocket-borne mass spectrometer to measure 
heavy ions in the middle atmosphere 

Heavy ions exist in the middle atmosphere as remnants 
of ablated meteoric material from space, so called me-
teor smoke particles (MSP). These play an important role 
for the ion composition and formation of ice clouds in 
the mesosphere and below. A rocket-borne ion mass 
spectrometer (ROMARA) has been developed with focus 
on the analysis of large ion cluster and charged particles 
with masses up to m/z 2000. Ambient natural ions are 
sampled through an intake cone, moving at supersonic 
speeds through the atmosphere. A cryogenic pump 
provides the required vacuum inside the instrument 
(Figure 2.4-7). The wide mass range of the spectrometer 
allows a broad sampling of ions with sufficient mass 
resolution to identify ions or ion groups.  
 

 

Figure 2.4-7: Newly developed mass spectrometer ROMARA. 

Cross section of the instrument (left) and sounding rocket 

(right, without engine). CEM: channel electron multiplier, 

FEE: front-end electronics, DPU: data processing unit. 

 
The first flight of ROMARA took place on 13 April 

2018 at noon within the campaign PMWE1 from 

Andøya, Norway. Measurements were taken between 
55 and 121 km and positive as well as negative ions 
could be detected successfully.  

A second launch is envisaged for 2020 and will fo-
cus on detecting heavy negative particles with an im-
proved instrument setup (see Section 3.1.3 for details).  

Aerosol measurement system AMETYST on HALO 

The HALO Aerosol Measurement System (AMETYST) 
had its first deployment for the ML-CIRRUS campaign 
in 2014 and has provided measurements of aerosol 
basic microphysical parameters during various HALO 
missions since then. The instrument suite allows de-
termining particle size distributions between 10 nm 
and about 3 μm, using a combination of condensation 
particle counters, differential mobility analysers and 
optical particle counters partially measuring behind a 
thermodenuder to determine the non-volatile fraction 
of the total aerosol. In addition, the absorption coeffi-
cient of the bulk aerosol is determined using a filter-
based measurement. The system also includes the flow 
control system for the HALO sub-micrometre Aerosol 
isokinetic inlet system (HASI). During the EMeRGe-EU 
campaign in 2017 a comparison flight with the British 
FAAM BAe-146 research aircraft was performed show-
ing an overall good agreement within 20% of meas-
ured particle concentrations. 

Development and testing of miniature sensors for 
trace gases and particles 

 

Figure 2.4-8: Top: Test measurements of miniature trace 

gas and particle sensors during a copter flight at the 

central crater of the Etna volcano. Bottom: Particle 

measurements in the Etna plume. Accumulated particle 

counts in different bins of particle size are shown. 
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Miniature sensors were developed and tested for use 
aboard copters and small balloons for measurements in 
hazardous environments, e.g. volcanic plumes, emission 
plumes from chemical accidents and fires. A very com-
pact SO2 semiconductor sensor with a very short re-
sponse time has been developed at IPA, based on a 
titanium dioxide (TiO2) substrate. Several dopings and 
coatings of TiO2 were investigated including aluminium, 
niobium, and gold particles. The best sensitivity was 
obtained for a coating of TiO2 with gold particles. 

The semiconductor sensor and miniature electro-
chemical gas probes as well as miniature optical parti-
cle sensors were tested during copter flights. Figure 
2.4-8 shows results of test measurements at the edge 
of the central crater of the Etna volcano. In the future, 
miniature sensors will also be deployed during vertical 
soundings with small balloons and in experiments with 
autonomous copter swarms.  

2.4.2 Cloud instrumentation 

Overview and aircraft implementation 

As of today, IPA operates eight different cloud probes to 
measure liquid, mixed-phased and ice clouds from the 
boundary layer to the lower stratosphere. The newest 
ones are shown in Figure 2.4-9. Since the measure-
ment volumes of the probes should be as undisturbed 
as possible by the flow distortions around the aircraft, 
they are usually mounted in pylons below the wing. 
 

 

Figure 2.4-9: Overview of IPA cloud probes. 

 
In order to detect particles over the wide size range of 
four orders of magnitude, two different measurement 
principles are applied. Smaller particles (0.3 to 50 μm) 
are measured by scattering of laser light at single parti-

cles and detection of the light in either forward or 
backward direction. Bigger cloud particles from 10 μm 
up to several mm are detected by so-called optical 
array probes (OAPs), where shadow images of single 
particles are recorded by one or more diode arrays.  

 

Table 2.4-1: List of probe acronyms 

Acronym Expansion 

CAPS* 
 
  CAS-DPOL 
 
  CIP 

Cloud, Aerosol, and Precipitation Spectrometer 
Cloud and Aerosol Spectrometer with 
Polarization Detection 
Cloud Imaging Probe 

CCP* 
  CDP 
  CIP 

Cloud Combination Probe 
Cloud Droplet Probe 
Cloud Imaging Probe 

PIP Precipitation Imaging Probe 

2D-S 2D Stereo-Probe 

BCPD Backscatter Cloud Probe with Polarization 
Detection 

FCDP Fast Cloud Droplet Probe 

CAS-DPOL Cloud and Aerosol Spectrometer with 
Polarization Detection 

FFSSP Fast Forward Scattering Spectrometer Probe 

*combination probes 
 

IPA operates two combination probes (CAPS and 
CCP), which combine both measurement techniques in 
one setup. As shown in Figure 2.4-10, where meas-
urement ranges of all instruments are depicted, the 
combination probes are able to cover major parts of 
the size spectrum. 
 

 

Figure 2.4-10: Measurement ranges and principles of 

cloud probes operated by IPA. 

 
The PIP for big particles in precipitating clouds pro-

vides particle images up to 6 mm particle size. The 2D-
S works on the same principle but with two perpen-
dicular arms providing full information on particle 
shape rather than only a 2D projection of the particle. 
FCDP, CAS-DPOL and FFSSP all use forward scattering 
of laser light in order to derive particle size and number 
concentration. The BCPD is the only cloud probe 
mounted in the aircraft cabin, measuring backscattered 
light from a laser looking out of a small window. While 
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this technique is less sensitive than the forward scatter-
ing, it has the advantage of not needing a wing pylon 
to be installed on the aircraft. The cloud probes have 
been flown on the two aircraft DLR Falcon and HALO, 
as well as on other aircraft like the NASA DC8 and the 
AWI Polar 5. 

Calibration of cloud probes 

Probe characteristics can alter during their operational 
use, which renders calibration work necessary. The 
calibration of cloud probes has been performed in terms 
of a size, sampling area and depth of field calibration. 
 

 

Figure 2.4-11: Droplet generator producing a 34 μm 

droplet for calibration of scatter cloud probes (top) and 

measured sampling area of the CAS-DPOL (bottom). 

 
A new calibration stand has been developed to map 

and calibrate the shape and size of the sampling area of 
scattering cloud probes. Knowing the sensitive detection 
region of the probe is essential for the determination of 
the droplet number concentration and hence the deriva-
tion of further cloud microphysical properties. A piezo 
dropper generates a monodisperse stream of water 
droplets (Figure 2.4-11 top), with which the perimeter of 
the sampling area is probed incrementally, so that in a 
subsequent evaluation of the instrument’s response a 
sensitivity map of the sampling area can be generated 
(Figure 2.4-11, bottom). 

It has been demonstrated that this novel calibration 
stand is able to accommodate OAPs and scattering 
probes likewise. Sampling area calibrations with the 
CAS-DPOL, CAPS (CIP), FFSSP and FCDP have been 
performed recently. For the CAS-DPOL a sampling area 
size of 0.22 ± 0.04 mm² has been determined. 

Intercomparison and combination of clouds 
probes on aircraft  

In order to cover the entire size distribution of particles in 
a cloud and thus obtain a comprehensive picture of its 
properties, different probes have to be combined on the 
same aircraft. In this example, CAPS and PIP have been 
combined on the AWI Polar 5 aircraft during the AFLUX 
campaign in Svalbard in order to measure hydrometeor 
size distributions, ice particle shapes and liquid water 
content. The campaign aimed at studying microphysical 
properties of low-level Arctic mixed-phase clouds and 
their interaction with radiative and turbulent fluxes of 
energy and momentum in the Arctic boundary layer. 
 

 

Figure 2.4-12: CAPS and PIP mounted on the AWI Polar 5 

aircraft (top) and combined cloud particle size distribu-

tion (bottom). 

 
The instruments performed reliably and agree within 

one order of magnitude in the overlapping size ranges 
(Figure 2.4-12). Arrows indicate the size range of the 
individual instruments. One of the biggest challenges of 
ice measurements are the various shapes of ice crystals. 
Thus, to derive a particles size from the scattering probes 
like the CAS, an aspect ratio needs to be parameterized 
using a-priori information on the cloud type. For OAPs like 
the CIP and the PIP, volumetric assumptions need to be 
made from 2D images to derive for example the IWC of 
clouds. These assumptions can be constrained and com-
plimented by total water content measurements with 
hotwire sensors mounted on the wing probes. In addition 
to mounted hotwire sensors, IPA operates the stand-alone 
Nevzorov probe, collecting and evaporating cloud parti-
cles on a heated surface. Additional information on the 
phase of cloud particles can be derived from the polariza-
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tion measurement of the CAS, where new classification 
schemes have been developed to discriminate between 
spherical and aspherical particles. Furthermore, intercom-
parisons of different configurations of cloud probes are 
used to improve data quality, e.g. by correcting for coinci-
dence artefacts at high particle concentrations. 

Achievements and challenges of particle imaging 
by OAPs 

In order to obtain particle images by OAPs, they are re-
constructed from individual “slices,” where a slice is the 
state of the 64-element linear array at a given moment in 
time. A slice must be stored at each time interval that the 
particle advances through the beam a distance equal to 
the resolution of the probe. Two types of OAPs are shown 
in Figure 2.4-12: A CIP and a PIP. The operating principle 
is the same for both probes except the resolution and the 
observable particle size range vary. The principle of the 
shadow measurement is outlined in Figure 2.4-13. In 
addition, particle shadow images recorded during AFLUX 
are shown, categorized by particle types.  

The particle size distribution derived from OAP meas-
urements often diverge substantially due to the complexi-
ty of the involved data analysis. For certain cloud types, 
the intercomparison of OAP analysis software revealed 
differences in the particle concentration of up to two 
orders of magnitude. Therefore, IPA participated in an 
international comparison initiative to reduce this ambigui-
ty by analysing the same artificially produced cloud parti-
cle data set with different software. By pinpointing the 
differing methods and definitions within each software 
and adapting the various codes, the uncertainties in OAP-
derived quantities were reduced. Future work will focus 
on the development of machine learning-based algo-
rithms to improve the OAP data analysis (Section 2.7). 

 

 

Figure 2.4-13: Schematic measurement principle of OAP 

probe (top) and exemplary particle pictures by CIP and PIP. 

2.5 Global and regional 
Earth system modelling 

 
 
Complementary to observations and in order to 
improve our understanding of the physical and 
chemical processes and feedbacks in the Earth sys-
tem, IPA develops and applies numerical models of 
the Earth system (Section 2.5.1). These provide the 
basis for prognostic capabilities about the future 
evolution of the Earth’s chemistry-climate system 
and the further reduction of the uncertainties in the 
evaluation of climate and air composition mitigation 
strategies (Section 2.5.2). The model developments 
are embedded in the Advanced Earth System Model-
ling Capacity (HGF ESM) project, supported by the 
Initiative and Networking Fund of the HGF. It aims 
at improving the representation of the components 
of the Earth system and their coupling, as well as to 
perform a series of dedicated numerical experiments 
(Frontier Simulations) to address Grand Challenges 
faced by the Earth and environmental sciences. A 
long-term strategy for the development of an Earth 
System Modelling capacity is also an objective of 
HGF ESM. In addition to the development of a mod-
el system, an associated evaluation system is devel-
oped under the lead of IPA (Section 2.5.3). 
ESMValTool results provide important contributions 
to the CMIP6 chaired by IPA during the reporting 
period and to the upcoming IPCC Sixth Assessment 
Report (AR6). 

Key achievements: 

• Further development of the national 
chemistry-climate model (CCM) EMAC for 
successful contribution to the 
international WMO/UNEP ozone 
assessment 

• New model set-up, MECO(n), available, 
which allows for multiple nesting of a 
regional model into a global CCM - including 
source apportionment 

• Development of advanced 
parameterizations for contrail cirrus and 
aerosol cirrus interaction 

• Innovative submodel suit available for 
deriving climate change functions suitable 
to determine eco-efficient flight 
trajectories 

• Comprehensive Earth system model 
evaluation tool further developed and 
established for community use,  
e.g. in CMIP
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2.5.1 The model system 

Model hierarchy and submodel developments 

IPA takes a leading role in the consortium of (today 19; 
current state March 2020) institutions jointly develop-
ing the Modular Earth Submodel System (MESSy), 
which provides the software framework for a standard-
ized, bottom-up implementation of ESMs from various 
basic components (called submodels). A highly con-
sistent model hierarchy with flexible complexity has 
been realised based on this modular framework. Most 
developments within the MESSy system have been 
directed to and exploited with EMAC, the 
ECHAM5/MESSy Atmospheric Chemistry model, which 
uses the legacy General Circulation Model (GCM) 
ECHAM5 as its dynamical core. The flexibility of the 
system allows a wide variety of model setups, which 
can be tailored to specific scientific questions. As out-
lined in Figure 2.5-1, the complexity can be varied 
along three lines, i.e. with respect to (i) the details of 
the physical process descriptions; (ii) the comprehen-
siveness of chemical (incl. aerosol) processes; and  
(iii) the resolution, which can be regionally refined by 
on-line nesting of a regional model (Section 2.5.2).  
 

 

Figure 2.5-1: Schematic overview of the various MESSy-

based model setups. 

 
During the reporting period, the model system has 

been further expanded into all three directions. The 
MESSy submodels newly developed and further expand-
ed at IPA are listed in Table 2.5-1: Towards reduced 
physical complexity, a new dry dynamical core model 
setup (Section 2.5.2) has been developed. In this setup, 
the dynamical core of the model is decoupled from the 
thermodynamic forcing, which is instead prescribed in an 
idealized manner by a newly implemented submodel. 

Towards increasing physical complexity, the CCM setup 
has been advanced into a chemistry enabled ESM setup 
by establishing the coupling of both, a mixed layer ocean 
for climate feedback analyses (Section 2.5.2) and for the 
investigation of increased CH4 impact on climate (Section 
3.1.3), as well as a deep ocean model for climate simula-
tions. The latter setup has been used for the German 
national contribution to the Chemistry-Climate Model 
Initiative (CCMI) in support of the WMO/UNEP Ozone 
Assessment report  2018 (Section 3.1.3). The simulations 
were performed at the German Climate Computing 
Centre (DKRZ) as consortial project ESCiMo (Earth System 
Chemistry integrated Modelling). These simulations 
within CCMI contributed to 46 peer-reviewed publica-
tions between 2016 and 2019. Accompanying the physi-
cal complexity, the online diagnostic capabilities have 
been expanded as well, e.g., for assessing tracer budgets 
of very short-lived substances, for investigating the pro-
duction region of O3, to enable direct model output on 
user defined vertical axes (e.g. pressure, height, potential 
temperature), and to study atmospheric transport with 
Eulerian and Lagrangian methods (Section 2.5.2). In the 
realm of atmospheric chemistry, the isotopologue closure 
between the atmospheric hydrological cycle and the CH4 
chemistry has been achieved for both, the simplified CH4 
chemistry with prescribed reaction partners, and the 
detailed, isotopologue enabled chemistry. With these 
latter extensions the SWV budget was analysed (Section 
3.1.3). In parallel to these efforts, the transition to the 
new ICON model within MESSy is under development. 
Section 2.5.2 presents applications based on the recent 
developments.  

2.5.2 Applications 

An idealized setup of general circulation 

As modern climate models have progressively gained 
complexity, disentangling thermodynamic forcing and 
dynamical response becomes increasingly difficult. 
Therefore, the need for models of reduced complexity 
has emerged to foster advancements in process under-
standing. For studies of large-scale dynamics, commonly 
a dry dynamical core model is used, in which all physical 
parametrizations (e.g. radiation, cloud processes) are 
replaced by thermal relaxation to a background state 
and wind damping at the surface and model top. By 
implementing a new submodel, providing the option for 
this temperature and wind relaxation, the idealized 
model setup is now available within the model system. 
Thanks to the modular nature of MESSy, this setup 
could easily be implemented in consistency with the 
more complex setups. It can be applied to study the 
response of dynamics and tracer transport of passive 
and chemically active tracers to idealized forcings, such 
as polar stratospheric cooling or idealized tropical heat-
ing mimicking GHG induced warming (Section 4.1). 
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Table 2.5-1: Overview of newly developed and further expanded MESSy submodels at IPA.  

Submodel Expansion Description 

ACCF Algorithmic Climate Change 
Functions 

Estimation of the climate impact resulting from local aircraft emissions and 
from contrail cirrus 

AIRTRAC AIRcraft emissions TRACking Calculation of contributions from local emissions to changes in O3, CH4, H2O 

AirTraf AIR TRAFfic routing 
optimisation and emission 
calculation 

Simulation and optimization of 3D flight trajectories according to different 
routing options (e.g. fuel use or climate impact optimized)  

ATTILA Atmospheric Tracer Transport 
In a LAgrangian model 

Lagrangian tracer transport scheme, including Lagrangian convection 

CH4 CH4 chemistry including 
isotopologues 

Calculation of simplified CH4 chemistry with the options to feed back on the 
hydrological cycle, to simulate CH4 age and emission classes, and to simulate 
CH4 isotopologues 

CONTRAIL contrail formation potential Calculation of the potential of local emissions to induce contrail cirrus 

H2OISO Isotopologues of the  
hydrological cycle 

Calculation of a second hydrological cycle including water isotopologues  
(HDO, H2

18O) 

LaMETTA Lagrangian MESSy Tool  
for Trajectory Analysis 

Lagrangian scheme for the new base model ICON, similar to ATTILA for 
ECHAM 

MADE3 Model Aerosol Dynamics  
for Europe adapted for global 
applications 

Extension of the aerosol submodel MADE, e.g. 
enabling the simulation of aerosol-cloud interactions 

MECCA_TAG* Module Efficiently Calculating 
the Chemistry of the Atmos-
phere with TAGging extension 

Extension of the chemistry submodel MECCA for tagging and for handling 
isotopologues 

MLOCEAN* Mixed Layer Ocean Calculation of sea surface temperature, ice thickness and ice temperature  
assuming an oceanic mixed layer of constant depth 

O3ORIG Ozone origin diagnostics Tracing of the production region of O3  

OROGW OROgraphic Gravity  
Wave drag 

New implementation of the ECHAM5 parameterization of subgrid scale  
orographic GW forcing as a MESSy submodel. 

RAD RADiation calculation New implementation of the ECHAM5 radiation code according to the MESSy 
standard including new and extended features (e.g. multiple diagnostic calls to 
determine individual radiative forcing (RF) and feedback components) 

RELAX relaxation Relaxation of temperature and horizontal winds in the idealized EMAC model 
setup EMIL 

SCALC Simple CALCulations On-line calculation of variables derived from existing model variables 

SF6 chemical sink of SF6 Parametrization of the sinks of SF6 

TAGGING source apportionment  
for trace gases 

Calculation of the source apportionment of different emission source catego-
ries (e.g. land transport) to the concentration of atmospheric species (e.g. O3)  

TBUDGET (very short-lived species) tracer 
budget diagnostics 

On-line diagnostics tool for assessing tracer budgets taking into account  
different production cycles (e.g. associated with different source gases) to a 
tracer (family) 

TPULSE tracer pulses Initialization and resetting of “pulse” tracers to diagnose transit time  
distributions (i.e. age-of-air spectra) 

TRSYNC Tracer SYNChronisation Synchronisation of hydrological isotopologue tracers for consistent physical and 
chemical fractionation 

VAXTRA Vertical Axes 
 TRAnsformations 

On-line transformation of variables from the native (hybrid-pressure) vertical 
coordinate to a new, user-defined (e.g. pressure, potential temperature) output 
vertical coordinate 

*mainly developed by external partners 
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Eulerian and Lagrangian transport times  

For studies of atmospheric transport in the Eulerian 
framework, a new submodel has been developed to 
explicitly diagnose transit time distributions (i.e. age-of-
air spectra). It allows for the insertion of „pulse trac-
ers“, which are emitted for a certain time interval only. 
A large set of these tracer pulses constitute the time-
evolving age-of-air spectra (Figure 2.5-2).  
 

 

Figure 2.5-2: Evolving mixing ratios (colour coded) of pulse 

tracers released four times each year (source time, horizon-

tal axis), constituting the age-of air spectra at a certain time 

(the field time, vertical axis), marked as red lines. 

 
In the same context, a submodel was incorporated 

that parametrizes the chemical sinks of SF6. In observa-
tional data, SF6 is commonly used to derive mean age of 
air (AoA). With the simulated SF6 sinks, their impact on 
mean AoA and its trends can be estimated. 

Complementary to the Eulerian approach, the La-
grangian transport scheme has been expanded by a 
diabatic vertical velocity approach and was successful-
ly evaluated. For instance, the seasonal variation of 
the age-of-air spectrum is realistically represented 
(Figure 2.5-3). 

 

 

Figure 2.5-3: Normalized seasonal age spectrum simu-

lated for the years 1990-2010 between 400 and 500 

Kelvin at 50-70° N. 

In connection with its Lagrangian convection 
scheme, the Lagrangian transport scheme is particu-
larly suited to analyse the fast transport of trace spe-
cies from the boundary layer to the stratosphere. It is 
now possible to study transport into and out of the 
monsoon anticyclone for the HGF ESM project. For 
ICON/MESSy, a new Lagrangian transport scheme 
was developed, in particular facing the challenge of 
designing a memory management allowing for La-
grangian calculations on massively parallel computer 
architectures. This scheme is applicable for both, high 
resolution limited area ICON simulations, and for 
coarser resolved global climate simulations. 

From global to regional scale: MECO(n) 

The MECO(n) model system comprises the global 
CCM EMAC and the regional CCM COSMO-
CLM/MESSy. The regional model is nested on-line 
into the global model allowing for finer resolutions 
from typically 50 km down to 1 km over dedicated 
regions. MECO(n) was further developed and evalu-
ated with respect to tropospheric gas phase chemistry 
over Europe. Currently, aerosol dynamics is being 
evaluated in MECO(n). Additionally, a forecasting 
framework involving MECO(n) has been developed 
(Section 3.1.3), which was successfully applied for the 
daily planning of individual mission flights of several 
measurement campaigns (e.g., CoMet 1.0, Stadtklima 
3DO, Table 2.1-2, Section 3.1.3). The main focus of 
these forecasts was on GHGs CH4 and CO2, however, 
for future campaigns the forecast system has already 
been adopted for other chemical species (e.g. SO2). In 
addition, MECO(n) is also ready for analysis and in-
terpretation of measurements of various campaigns 
(e.g., EMeRGe-Asia and -EU, Table 2.1-2).  
 

 

Figure 2.5-4: Relative contribution of land transport 

emissions to the O3 column up to 850 hPa (in %), aver-

aged for July 2008; (a) the values calculated by the 

global model and (b) the values calculated by the two-

fold nested global/regional model with two refine-

ments covering Europe and Germany. 

 
The submodel for source apportionment of O3 and O3 

precursors was successfully implemented into both, the 
global and the regional model (Section 3.3.1 for results). 
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In the MECO(n) framework this method allows for 
O3 apportionment on the regional scale within the 
global context (Figure 2.5-4), considering both, local 
production as well as long-range transport of O3. This 
option has been used to study the effect of the mod-
el resolution on source apportionment results, indi-
cating that average results on continental scale are 
rather robust with respect to the resolution. For re-
gional studies, however, a fine model resolution is 
indispensable. 

Aerosol and aerosol-cloud interaction 

The third version of the aerosol submodel developed at IPA 
has been implemented and coupled to a new two-moment 
cloud microphysical scheme. With this new configuration,  
 

 

Figure 2.5-5: Probability distribution functions of IWC in 

cirrus clouds at different temperatures as simulated by the 

model (top) and observed during the ML-CIRRUS campaign 

(middle). The bottom panel shows the model median and 

25/75% quantiles (red solid and dashed) compared with 

the median (black solid line) and the 25/75% quantiles 

(grey shading) of the observations. 

 
it is possible to consistently simulate aerosol-cloud 
interactions in three regimes: liquid, mixed-phase, and 
cirrus clouds. A prominent new feature is a parametri-
zation for cirrus clouds, which enables the simulation 
of aerosol-induced ice crystal formation in the cirrus 
regime, while taking into account the competition 
between homogeneous and heterogeneous ice nuclea-
tion for available supersaturated water vapour. The 
aerosol submodel, with its recent developments, is 

particularly suited for this coupled configuration, as it 
represents aerosol particles in three different mixing 
states, hence resolving the properties of ice nucleating 
particles in more detail than its predecessor and other 
global aerosol models. This new coupled setup has 
been extensively evaluated using a comprehensive set 
of observational data, including aircraft-based in-situ 
measurements performed by IPA. The evaluation has 
focused on the model representation of aerosol varia-
bles, as well as on cloud and radiation variables. An 
example is given in Figure 2.5-5, comparing simulated 
IWC with in-situ measurements collected during the 
ML-CIRRUS campaign (Section 2.4, Table 2.1-2). 

Contrail cirrus 

The contrail cirrus parameterization (Section 3.2.1) 
was extended to include contrail ice nucleation and 
ice crystal loss in the vortex phase. This allows a 
more realistic representation of the microphysical 
properties of young contrails at the initialization 
state. As a consequence, the strong limitation of 
contrail ice nucleation in the tropics and at lower 
atmospheric levels can be resolved, assuming con-
stant soot emissions. Figure 2.5-6 shows that con-
trail ice nucleation is not only limited in the deep 
tropics, but also in the south-western USA, an area 
with a large air traffic density. Furthermore, the 
reduction of ice crystal numbers due to a reduction 
in soot number emissions caused by a transition to 
alternative fuels can be estimated (Section 3.2.1). 
The inclusion of the ice crystal loss in the vortex 
phase within the parameterization leads to a partial 
compensation of the reduction in ice crystal num-
bers due to reduced soot number emissions. These 
improvements significantly reduce the uncertainty 
connected with the change in contrail cirrus RF 
related to the use of alternative fuels. 
 

 

Figure 2.5-6: Spatial distribution of the number of nu-

cleated ice crystals within a contrail per contrail length 

in 1012 m−1 at 240 hPa as simulated with ECHAM5-

CCMod. 
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Climate feedback 

Tools for radiative feedback analysis have been 
made available, further developed, and used to 
study the relation between RF and the induced sea 
surface temperature change for a variety of forcing 
agents. Feedback analysis is now also applied in the 
effective radiative forcing (ERF) framework, separat-
ing rapid radiative adjustments and slow feedbacks 
driven by sea surface temperature changes. Special 
heed has been given to feedback contributions from 
radiatively active trace gases, which still are rarely 
considered in this context. Rapid radiative adjust-
ments of O3 and SWV to the CH4 RF are substantial 
(e.g., Section 3.1.3). In many cases the effect of 
stratospheric temperature adjustment must be in-
cluded for a meaningful interpretation of RF and 
feedback calculations, and the radiation submodel is 
now equipped to account for this in a flexible and 
efficient way. 
 

 

Figure 2.5-7: Expected climate impact caused by around 

100 north-Atlantic flights of an Airbus A330 aircraft for 

a typical winter day, where flight trajectories are opti-

mized with respect to contrail cirrus (top), cash operat-

ing costs (middle) or climate impact (bottom). 

Climate change functions and eco-efficient flight 
trajectories 

For aircraft trajectories optimization with respect to 
climate impact, the specific impact on global mean 
temperature of an emission at a certain location has 
to be known. Such so-called climate change functions 
(CCFs) can be derived by means of two new submod-
els. These submodels determine the contribution of 
local emissions to changes in O3, CH4, H2O and con-
trail cirrus, respectively, while subsequent radiation 
changes are computed by the radiation submodel. 
These radiation changes feed into the climate re-
sponse model AirClim (next paragraph in this sec-
tion), by which the climate impact in terms of various 
metrics (e.g., average temperature response for 20 
years, ATR20) is calculated. 

To enable climate impact predictions, i.e. CCFs, by 
means of instantaneous meteorological data without 
computationally intensive recalculation for each 
weather situation, more generically applicable CCFs 
are required. These algorithmic CCFs (aCCFs) were 
derived by formulating algorithmic approximations 
using regression analysis. These algorithmic approxi-
mations have been employed together with a sub-
model, which simulates and optimizes 3D flight tra-
jectories online. The optimizations can be performed 
with respect to various objective functions, such as 
fuel use, NOx, H2O, contrail cirrus, simple operating 
costs, cash operating costs and climate impact. Figure 
2.5-7 shows exemplarily the climate impact for flight 
trajectories optimized with respect to contrail cirrus, 
cash operating costs or climate. 

Response models (TransClim & AirClim) 

The optimization of an aircraft design with respect to 
its climate impact requires the capability to include a 
climate assessment tool in a multi-disciplinary-
optimization and hence allowing for a multitude of 
numerical iterations. Avoiding an unfeasible amount 
of global chemistry-climate simulations, such task is 
managed by the previously developed response 
model AirClim as a surrogate. The model has been 
recently extended to represent contrail cirrus effects 
including respective saturation effects for increasing 
air traffic. 

Based on the experiences gained with AirClim de-
velopment and applications, an analogous, but more 
complex response model has now been established for 
assessing the climate impact of surface emission, e.g., 
from road transport (TransClim). It takes into account 
the highly non-linear relationship between regionally 
resolved NOx, CO and volatile organic compound emis-
sions to their contribution to the atmospheric concen-
tration of O3 and CH4. The evaluation of the TransClim 
response model by comparing the results to detailed 
global chemistry-climate simulations revealed a very 
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good representation, with a systematic, though very 
small underestimate of less than 0.4% of the contribu-
tion of road traffic emissions to O3 (Figure 2.5-8). The 
model is coupled with a response model for aerosols 
and CO2 and hence comprises the most important 
climate related atmospheric effects from surface trans-
portation. 
 

 

Figure 2.5-8: Simulation of the contribution of surface 

traffic to tropospheric O3 columns (in Dobson units, DU) 

with TransClim and the deviation to the detailed chem-

istry-climate simulation (%). 

 

2.5.3 Model evaluation system 

In addition to the development of the model system 
(Section 2.5.1) and its applications (Section 2.5.2), 
the ESMValTool is developed by an international 
consortium with more than 80 institutions under the 
lead of IPA. The goal of this internationally well-
recognized effort is to improve comprehensive and 
routine evaluation of ESMs with observations and to 
provide reliable climate projections. The ESMValTool 
is a community diagnostics and performance metrics 
tool designed to improve comprehensive and rou-
tine evaluation of ESMs. It has undergone rapid 
development since the first release in 2016 and is 
now a well-tested tool that provides end-to-end  

provenance tracking to ensure reproducibility of the 
results. It consists of an easy-to-install, well docu-
mented Python package providing the core func-
tionalities that performs common pre-processing 
operations and a diagnostic part that includes diag-
nostics and performance metrics tailored for specific 
scientific applications. ESMValTool v2.0 includes a 
large collection of diagnostics for atmospheric, oce-
anic, and terrestrial variables for the mean state, 
trends, and variability, as well as emergent con-
straints and diagnostics for extreme events. The tool 
is currently used to support the upcoming IPCC 
Sixth Assessment Report and has been fully inte-
grated into the Earth System Grid Federation (ESGF) 
infrastructure at the Deutsches Klimarechenzentrum 
(DKRZ) to provide evaluation results from CMIP6 
model simulations shortly after the output is pub-
lished to the ESGF (Figure 2.5-9). The goal is to 
continue to support the evaluation and analysis of 
CMIP and national modelling efforts (Section 3.1.4). 
 

 

Figure 2.5-9: Schematic diagram of the workflow for 

routinely producing a broad characterization of model 

performance for CMIP model output using community 

evaluation tools such as the ESMValTool that utilize 

relevant observations and reanalyses and rely on the 

Earth System Grid Federation. 

 
In summary, IPA leads consortia successfully de-

veloping numerical ESM components (such as 
MESSy, Section 2.5.1), and corresponding model 
analysis tools (such as the ESMValTool) on highest 
international level and visible to a wide community. 
With these tools IPA addresses challenging scientific 
questions (Section 2.5.2) related to climate, atmos-
pheric chemistry, and mitigation assessment. Exam-
ples are the O3 source apportionment on global and 
regional scale, the capability to simulate the interac-
tion of aerosols with clouds and cirrus, and a suite 
of ESM components to determine eco-efficient air-
craft routing options. With its particular expertise, 
IPA contributes to important international activities, 
specifically the WMP/UNEP Ozone Assessment and 
the IPCC Climate Assessment. 
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2.6 Numerical models for 
basic research 

 
 
The numerical models presented in this section are 
tools to investigate small-scale atmospheric process-
es. For this purpose, LES codes are employed. Here, 
the methodological developments by three selected 
examples from three different topics are illustrated, 
wind energy research, cloud modelling, and aviation 
research. 
 

 

Figure 2.6-1: Schematic of benchmark, reference, and 

parametrized wind-turbine simulations using inputs 

from different precursor simulations. 

 
The geophysical flow solver EULAG has been used 

to investigate the wake characteristics of a wind tur-
bine in a turbulent ABL under different thermal stratifi-
cations. A critical ingredient for allowing realistic nu-
merical simulations is the specification of the turbulent 
inflow into the numerical domain. IPA developed a 
new procedure - the turbulence preserving method - 
that imposes the spectral energy distribution taken 
from a precursor simulation of a neutral ABL. This 
method was developed, implemented in EULAG and 
tested against a set of validated numerical simulations.  

 
 

However, the near-surface heat fluxes vary during 
a diurnal cycle and the ABL comprises convective, 
stable, and neutral thermal stratifications. Therefore, 
the original turbulence preserving method has been 
advanced to make it applicable for different thermal 
stratifications by including suitable turbulence fields. 
These were deduced from velocity fields of a precur-
sor simulation covering the whole diurnal-cycle of an 
ABL. This new parametrization was implemented in 
EULAG and the resulting wakes were compared to 
those resulting from full diurnal-cycle-driven wind 
turbine simulations. The wind turbine wake charac-
teristics derived from parametrized simulations devi-
ate by <7% from the full simulations and are nearly 
insensitive to details of the parametrization. There-
fore, the proposed parametrization results in a com-
putationally fast, simple, and efficient tool for analys-
ing the effects of different thermal stratifications on 
wind turbine wakes by means of LES (Figure 2.6-1). 

A Lagrangian microphysical model for pure ice 
clouds (LCM), which is fully coupled to EULAG, is 
continuously further developed and employed for 
cirrus and contrail LES. LCMs use a large number of 
simulation particles to represent a cloud in a numeri-
cal model and, therefore, differ from grid-based 
descriptions employed in Eulerian approaches. 

 

 

Figure 2.6-2: Size distribution (SD) of all ice crystals 

(black dashed), contrail ice crystals only (red) or cirrus 

ice crystals only (blue solid) inside a 4 hour old contrail. 

The blue dotted line shows the SD of the full cirrus, also 

accounting for the surrounding cirrus outside of the 

contrail. 

 
 

Key achievements: 

• Development of a numerically efficient, 
computationally fast, and stratification 
containing turbulence parametrization 

• Successful development of a state-of-the-art 
particle-based microphysical model to be 
used for aggregation studies in (contrail) 
cirrus clouds 

• New bi-directional coupling of two CFD codes, 
now enables the simulation of an aircraft 
flight through realistic atmospheric 
structures 
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In the last decade, several LCMs using this novel 
approach have been developed. In particular, the colli-
sion process leading to coalescence of cloud droplets  
or aggregation of ice crystals has been implemented 
differently in various models. Three existing implemen-
tations have been reviewed and further advanced. 
Their performance has been evaluated by comparing 
the numerical simulations with well-established analyti-
cal and bin model solutions. This evaluation aims at 
improving the aggregation process in the IPA LCM as 
aggregation is potentially important in regions where 
natural cirrus and contrail cirrus co-exist.  

Figure 2.6-2 shows the size distribution in such a 
mixed cloud where a prominent bimodal spectrum is 
apparent. This favours differential sedimentation and, 
hence, makes collisions between “natural” and contrail 
ice crystals more likely. 

A hybrid simulation system for virtual aircraft flights 
in a realistic atmospheric environment has been devel-
oped by coupling of two separate flow solvers in a bi-
directional manner (Figure 2.6-3). In the long run, this 
approach shall offer the opportunities to simulate a 
flight through realistic atmospheric turbulence, consid-
ering the effects on the aircraft, the roll-up of trailing 
vortices, and their further evolution until final decay. 
Here, a compressible Reynolds-averaged Navier-Stokes 
(RANS) solver resolves the near-field around a vortex 
generator including its boundary layer.  
 

 

Figure 2.6-3: Communication pattern between solvers 

and coupling module. Simplified figure with one solver 

process per compute node. TAU and MGLET stand for 

the names of the RANS and LES codes, respectively; MPI 

is the message passing interface (this figure only). 

 
An incompressible LES solver simulates the atmos-

phere around the vortex generator. The wake of the 
virtual aircraft in the LES domain is of primary interest 
to us. For this purpose, the numerical results of the 
hybrid model system were validated with data from a 
wind tunnel experiment. Furthermore, global aerody-
namic coefficients of a vertical gust-wind simulation 
were compared to an already validated pure RANS 
simulation. While the hybrid method already proved to 
be powerful in cases where large-scale transient at-
mospheric effects and their interaction with flying 
aircraft are to be studied, the performance with small-
scale turbulence is still under investigation. 

 

2.7 Artificial intelligence 
techniques 

 
 
AI techniques, already successfully applied in other 
scientific disciplines but not yet widely in Earth sys-
tem science, have a large potential to improve un-
derstanding and modelling of the Earth system and 
to derive new observation-based products. To exploit 
this potential, IPA has founded the Climate Informat-
ics group at the DLR Institute for Data Sciences in 
Jena in 2017 and is now scientifically supervising and 
collaborating closely with this group and its external 
partners, the MPI for Biogeochemistry and the Frie-
drich-Schiller University. While the Climate Informat-
ics group focuses on the development of machine 
learning methods, IPA focuses on the application of 
these methods to Earth system data. With its newly 
introduced activities, IPA is pioneering German AI 
initiatives in Earth system science in collaboration 
with the partners in Jena. Since this is a novel area of 
research for IPA, this section first provides a brief 
introduction to AI techniques (Section 2.7.1) before 
the methods that are already successfully applied at 
IPA are introduced in Sections 2.7.2 and 2.7.3.  

2.7.1 Introduction to AI techniques 

What are Artificial Intelligence, Machine Learning 
and Deep Learning? 

Artificial Intelligence includes machine learning, while 
the latter includes deep learning as subcategory. 
Following definitions by Reichstein et al. (2019)4, 
artificial intelligence (AI) is the capacity of an algo-
rithm to assimilate information to perform tasks that 

                                                           
4 Reichstein, M. et al., 2019: Deep learning and process understanding 

for data-driven Earth system science, Nature, 566(7743), 195-204. 

Key achievements: 

• IPA has founded the Climate Informatics 
Group at the new DLR Institute for Data 
Sciences in Jena in 2017 and a close 
collaboration is now established 

• The successful introduction of AI methods for 
climate modelling and analysis at IPA has 
led to the awarding of a prestigious 
European Research Council (ERC) Synergy 
Grant in 2019 

• A neural network retrieves accurately thin 
cirrus properties from passive spaceborne 
observations 
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are characteristic of human intelligence, such as rec-
ognizing objects and sounds, contextualizing lan-
guage, learning from the environment, and problem 
solving. Machine learning (ML) is a field of statistical 
research for training computational algorithms that 
split, sort and transform a set of data to maximize the 
ability to classify, predict, cluster or discover patterns 
in a target data set. Deep learning (DL) refers to ma-
chine learning algorithms that construct hierarchical 
architectures of increasing complexity. Artificial NNs 
with many layers are examples of DL algorithms. All 
three categories can be separated into supervised and 
unsupervised approaches. In supervised learning an 
algorithm learns the input-to-output relationship after 
being provided both the inputs and the respective 
outputs. The algorithm is optimized by minimizing 
the error between self-generated and reference out-
put. Once the training is completed, the resulting 
machine learning model can be used to predict out-
put from previously unseen input data. In unsuper-
vised learning the algorithm does not have access to 
the output, so the goal is to infer the underlying 
structure of the data, for example by finding previ-
ously unknown patterns (clustering) or anomalies 
(anomaly detection). 

What is a neural network? 

Neural Networks (NN) can be attributed to machine 
learning or DL, depending on their complexity, depth 
and other hyper-parameters (e.g., tuneable parame-
ters, which are set before training and not learned by 
the algorithm). The architecture of NNs (number of 
layers, depth, etc.) is strongly dependent on the spe-
cific application. Important criteria for the configura-
tion are for example prediction skill, computation 
time, or numerical stability. Here deep NNs with more 
than four hidden layers (layers between input and 
output layers, Figure 2.7-1) used for supervised learn-
ing are described. 
 

 

Figure 2.7-1: Schematic of a NN consisting of an input 

layer (blue), two hidden layers (grey) and an output 

layer (red nodes). In this example, every node of a 

layer is connected to all nodes of the neighbouring 

layers. 

Deep NN are used in climate science as a multidi-
mensional nonlinear fitting tool with thousands of 
degrees of freedom for complex spatio-temporal pro-
cesses, which can only be partially analysed with cur-
rent standard methods (for example Principal Compo-
nents Analysis or Empirical Orthogonal Functions). 
Deep NNs consist typically of thousands of nodes (also 
referred to as “neurons”), which form several layers. 
Such a layer can be fully or partially connected with its 
previous and following layer. Each single node stores 
the weights (the connection strength) with nodes in 
the previous layer and a bias term. The connection 
between the layers is established with (typically) non-
linear activation functions (a non-linear function trans-
forming the linear combination of the weighted output 
of the previous nodes plus the bias), which results in 
nonlinear signal propagation through the network. The 
overall goal of the deep NN is to minimize a given loss 
function / error metric between the output data gener-
ated by the NN and the corresponding truth in the 
training data set. This means that the NN modulates its 
weights and biases to achieve higher skill scores with 
respect to the available training data during the learn-
ing procedure. The input data of the network consists 
of pre-processed and pre-selected relevant training 
data for achieving good skill scores in the output layer. 

 

 

Figure 2.7-2: Schematic of a causal discovery method. 

(a) Simulated time series of four variables linked by 

time-lagged linear dependencies. (b) Output graph of 

the causal discovery algorithm exhibiting detected 

time-lagged dependencies and their strengths. 
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What is causal discovery? 

Are we able to find how different regional processes 
of the Earth or different physical variables are inter-
acting with each other? Such questions can be ad-
dressed with causal discovery methods5 that belong 
to unsupervised machine learning. In contrast to 
many data-driven machine learning methods, which 
focus on prediction and classification, causal infer-
ence aims at discovering and quantifying the causal 
interdependencies and dynamical links inside a sys-
tem, such as the Earth’s climate. For this reason, 
causal discovery methods are crucial in complement-
ing predictive machine learning to improve our theo-
retical understanding of the studied system. One 
particular kind of causal discovery methods focuses 
on retrieving causal dependency structures from time 
series data. More precisely, given time series of sever-
al variables as input, the goal of those methods is to 
find the existence or non-existence of time-lagged 
dependencies between the variables and the 
strengths of those dependencies (Figure 2.7-2). 

What are ensemble methods? 

Ensemble methods refer to the combination of mul-
tiple machine learning models (which are usually 
trained on different subsets of the original training 
data) to create a more powerful one6. Usually, these 
individual models are so-called “weak learners” in 
terms of predictive power on their own. Typical 
examples are decision trees (DTs), which predict the 
value of a target variable by splitting the input data 
based on simple decision rules learned from the 
training data. DTs are easy to use, understand and 
visualize, but also prone to overfitting thus reducing 
their predictive capability. A simple method to re-
duce the risk of overfitting is averaging over multi-
ple DTs, which is called random forest. In random 
forests, each DT is fitted to a random subsample of 
the original training data. Moreover, only a random 
subsample of variables is used in each fitting proce-
dure. These two levels of randomness reduce the 
prediction variance and the risk of overfitting, lead-
ing to a more robust model. 

A more complex approach to combine multiple 
DTs is boosting. Boosting refers to the sequential 
combination of weak learners in an iterative pro-
cess. A prominent example is the Gradient Boosted 
Regression Trees (GBRT) algorithm, which is an 
additive model of DTs. The GBRT algorithm allows 
the minimization of arbitrary loss functions by for-
ward iteration, which is initiated with a simple con-

                                                           
5 Runge, J. et al., 2019: Detecting and quantifying causal associations 

in large nonlinear time series datasets, 5(11), eaau4996. 
6 Bishop, C.M., 2006: Pattern recognition and machine learning, 

Springer. 

stant model (e.g. the mean of the target variable). In 
each boosting iteration step, a new DT is added to 
the GBRT model so that the loss function steadily 
decreases over the course of the algorithm. This 
process ensures that after several iterations, the 
model is able to make good predictions for the 
whole data set, even for points with weak perfor-
mance in the beginning. The GBRT model inherits 
useful properties of the DTs like the easy interpreta-
bility and the easy usage on heterogeneous input 
data. However, due to the boosting procedure, 
GBRT models are superior to simple DTs in terms of 
predictive power, stability and avoiding the risk of 
overfitting. 

2.7.2 AI techniques for Earth 
system modelling and analysis 

A core research area where AI methods are applied at 
IPA is Earth system modelling and analysis. Currently, 
this research focuses on four different aspects.  
 

 

Figure 2.7-3: Detection of hurricanes in the Gulf of Mex-

ico. The six panels show representative MDI detections 

(shown as red or green boxes) of tropical cyclones 

based on their vorticity field on the 850 hPa pressure 

level in ERA-Interim (colour-coded background). Correct 

detections are indicated by green boxes (true positives), 

detections not covering a true hurricane event as red 

boxes (false positives). As for Cindy in 2005, there also 

exist weak storms which the algorithm does not detect. 

 
First, unsupervised machine learning methods are 

used to detect extreme events (e.g. hurricanes or 
droughts) with a multivariate anomaly detection 
algorithm (Figure 2.7-3). For the detection of extreme 
events, the Maximal Divergent Interval (MDI) scheme7 
can be used. The algorithm detects anomalous inter-
vals in multivariate spatio-temporal climate data. In 
contrast to traditional extreme event detection  

                                                           
7 Barz, B. et al., 2018: Detecting Regions of Maximal Divergence for 

Spatio-Temporal Anomaly Detection, IEEE Transactions on Pattern 
Analysis and Machine Intelligence. 
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algorithms, the algorithm can detect multivariate 
extreme events, so-called compound events, and 
does not rely on grid-size dependent thresholds. A 
second area where AI has shown promising first re-
sults that have been published in Nature Communica-
tion by Nowack et al. (2020), is data-driven unsuper-
vised causal model evaluation. Here causal discovery 
algorithms are applied to identify causal fingerprints 
characterizing atmospheric dynamical interactions 
and teleconnections between modes of climate varia-
bility in climate models and observations. Third, su-
pervised ensemble methods (e.g. GBRT) are success-
fully used to constrain multi-model climate projec-
tions with observations. And finally, deep NNs are 
used to develop machine learning-based parametriza-
tions for subgrid-scale processes in climate models 
with the goal to reduce uncertainties in climate pro-
jections and to understand convection across scales. 

2.7.3 AI for satellite retrievals 

Traditionally, passive satellite remote sensing of clouds 
and aerosol is based on the application of physical 
criteria and/or image processing techniques to multi-
spectral observations. Recently, as one of the first 
research groups, IPA applied machine learning meth-
ods in this field to implement two novel satellite re-
trievals of ice clouds and volcanic ash for the geosta-
tionary MSG/SEVIRI instrument (Section 2.3). They 
consist of two algorithms trained using supervised 
learning: the ice retrieval (CiPS) is trained with collo-
cated spaceborne lidar measurements of cirrus clouds 
from CALIPSO/CALIOP as learning reference, the vol-
canic ash retrieval (VADUGS) with an extensive data 
set of simulated observations obtained with a sophis-
ticated radiative transfer model. The experience gath-
ered in this context has been reviewed and extended 
to improve both retrievals. For CiPS, the number of 
input parameters has been increased and different NN 
architectures have been tested (Figure 2.7-4) to foster 
their retrieval potential and to identify optimal trade-
offs between CPU time consumption and accuracy. 
Due to the large amount of data produced by the 
satellite, comparatively small NN structures have been 

evaluated and no deep NN has been implemented. For 
VADUGS, more realistic input data has been derived 
that required more advanced NN training structures 
and strategies. These NNs, in particular the ice cloud 
retrieval, have shown to be able to deal with the 
complex atmospheric states observed by the passive 
MSG/SEVIRI sensors and to produce very accurate 
results when compared to lidar observations. 
 

 

Figure 2.7-4: Difference in accuracy between each NN 

structure and the least complex structure with one 

hidden layer and 16 hidden neurons for the CiPS ice 

cloud retrieval. The number of hidden layers is on 

the left of the hyphen, the number of hidden neu-

rons per hidden layer on the right. The figure shows 

the difference in probability of detection (POD) as a 

function of the ice optical thickness (IOT) from the 

CALIOP lidar. 

 
A number of machine learning techniques have 

been presented, including DL and causal discovery 
that show great potential for Earth system science 
applications. Results and plans for future research in 
this new and exciting interdisciplinary research field 
that led to the awarding of the ERC Synergy Grant 
“Understanding and Modelling the Earth System 
with Machine Learning (USMILE)” are presented in 
Sections 3.1.4 and 4.6, respectively. 
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3 Programmatical results  

3.1 Space research:  
Earth observation and 
atmospheric research 

 
 
One of the key tasks of IPA is to observe and numeri-
cally simulate the state of the Earth’s atmosphere, 
especially providing the foundation for a detailed 
description of important atmospheric processes. It is 
necessary to get a complete overview of the physical, 
chemical and dynamic processes affecting the Earth 
climate system. Observations from space in combina-

tion with in-situ and remote aircraft measurements, 
and results of Earth-System modelling enable a deep-
er understanding of climate change processes. It 
helps to reveal interactions and feedback mechanisms 
in the Earth’s atmosphere, which are important issues 
regarding the explanation of climate variability 
and long-term trends.  

3.1.1 Lidar observations 

Active optical remote sensing with lidar will play a key 
role in the future Earth observing system. It enables 
the observation of various atmospheric parameters 
with unprecedented accuracy and vertical resolution. 
The first European lidar mission Aeolus was launched 
in 2018, and two more missions are imminent within 
the next 5 years. These lidar missions are providing 
essential observations for atmospheric dynamics and 
weather prediction (Aeolus), aerosol-cloud-radiation 
feedbacks (EarthCARE) and GHG monitoring (MER-
LIN). IPA initiated the French-German climate mission 
MERLIN, plays a central role for ESA´s Aeolus mission, 
and strongly supports the EarthCARE mission through 
(i) sensor development and characterization; (ii) de-
sign and implementation of airborne demonstrator; 
(iii) retrieval algorithm and processor development; 
(iv) airborne campaigns for validation purpose; and (v) 
scientific studies demonstrating the usefulness of 
these lidar observations for atmospheric research and 
weather prediction. 

All three spaceborne missions are embedded in 
IPA´s atmospheric research activities with focus on 
dynamics, aerosol-cloud interaction and climate 
change assessment. This section reports on the lidar 
activities for atmospheric research in support of the 
three aforementioned European lidar missions and 
potential future ones. IPA lidar research is thus high-
ly relevant for DLR´s programme on Earth Observa-
tion and ESA´s Earth Observation Science Strategy 
from 20158. 

First wind lidar technology successfully demon-
strated on Aeolus 

A major milestone for ESA´s Earth Observation pro-
gramme was achieved with the launch of the first 
European lidar and the first wind-lidar in space on 
Aeolus on 22 August 2018. The ALADIN lidar could 
be switched on only two weeks after launch and first 

                                                           
8 ESA, 2015: Earth Observation Science Strategy for ESA: A New Era 

for Scientific Advances and Societal Benefits, ESA SP-1329/1, Febru-
ary 2015. 

Key achievements: 

• Major breakthrough for Earth observation with 
first-time global wind lidar measurements 
from space on Aeolus 

• Crucial multi-wavelength airborne synergistic 
radar and lidar observations in preparation for 
EarthCARE 

• First proof of the capability for airborne and 
spaceborne lidars to detect CH4 and CO2 
point sources and gradients 

• Comprehensive analysis and 
documentation of dynamical processes by 
conducting respective larger field experiments 

• Significant improvement of the observing 
capabilities of gravity waves throughout the 
Middle Atmosphere by newly-developed 
airborne, balloon-borne and ground-based 
instruments 

• Significant progress in explaining the long-
standing deviations between observational and 
climate model estimates with respect to 
stratospheric circulation changes 

• Novel combination of airborne in-situ and 
active remote sensing greenhouse gas 
observations with numerical modelling 

• Excellent contributions to the assessment of 
global and regional atmospheric response 
and climate impact caused by radiative 
active gases 

• First systematic evaluation of climate 
models in combination with emergent 
constraints, machine learning based model 
weighting and causal discovery techniques
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atmospheric backscatter signals from cloud particles 
and molecules were detected (“first light”). Already 
after three weeks in September 2018 the first wind 
speed profiles from ground up to 20 km altitude 
were obtained and were showing typical structures of 
the Antarctic polar vortex in the stratosphere or high-
altitude wind speed maxima of jet streams in the 
troposphere, as observed also during major storms 
over Europe in winter 2020 (Figure 3.1-1). These 
immediate results could be achieved by the common 
effort of ESA, space industry and scientific institutes 
based on the extensive pre-launch investigations and 
developments on retrieval algorithms for the instru-
ment-related processing up to product Level 1b led 
by IPA. In addition a wealth of recommendations was 
derived from the airborne prototype of the lidar in-
strument on Aeolus – the ALADIN airborne demon-
strator A2D (Section 2.2), which was flown already 
before the satellite launch during several campaigns 
to obtain representative atmospheric signals for the 
ALADIN instrument. 
 

 

Figure 3.1-1: High wind speeds of up to 100 m/s (hori-

zontal line of sight, HLOS) as observed from Aeolus 

during storm “Sabine” on 10 February 2020. 

 
The Aeolus DISC has been established after launch 

in order to fully support the exploitation of the Aeolus 
mission. Its activities include the complete chain from 
instrument monitoring, development of retrieval algo-
rithms and operational processors, assessment of data 
quality, support for users, and impact experiments 
using NWP models for demonstrating the mission 
objectives. The Aeolus DISC is led by IPA and involves 
ten international partners including ECMWF, Météo-
France and KNMI. 

The DISC activities demonstrated within the first 
year of operation that a spaceborne wind lidar can 
measure atmospheric winds by use of molecular (Ray-
leigh) and cloud (Mie) backscatter. This also proves the 
maturity of the technology used on Aeolus including 
for the first time the operation of a pulsed, frequency-
stabilized laser in the ultraviolet spectral region. First 
impact studies by ECMWF showed significantly im-
proved analyses and medium-range forecasts especially 
for the Tropics and Southern Hemisphere after incor-
poration of Aeolus wind profiles. Thus, the operational 

use of Aeolus observations was started in January 2020 
at ECMWF, paving the way for initiating studies on 
operational follow-on missions. These initial Aeolus 
results are a major achievement for Earth observation, 
after its 20-year long development phase with signifi-
cant and continuous contributions from IPA. 

Airborne validation of Aeolus performance 

In order to assess ALADIN´s instrument performance 
with respect to systematic and random wind speed 
errors, validation campaigns using ground-based and 
airborne reference instruments were started within the 
first months of Aeolus operation in 2018. 
 

 

Figure 3.1-2: Horizontal line of sight (HLOS) wind speed 

observed from Aeolus (top), 2-μm DWL (middle), and 

ALADIN airborne demonstrator (A2D, bottom) on 16 

September 2019 along Greenland. 

 
DLR deployed a validation payload including a DWL 

based on an established coherent technology with a 
wavelength of 2 μm together with the A2D on the DLR 
Falcon aircraft (Section 2.2). A first validation campaign 
was conducted during the commissioning phase of 
Aeolus in November 2018, followed by two campaigns 
in May and September 2019 – the latter with flights 
around Iceland and Greenland (Figure 3.1-2).  
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Figure 3.1-3: Horizontal line of sight (HLOS) wind speed 

observed from Aeolus Rayleigh and Mie channel vs. 2-μm 

wind lidar during the first airborne validation campaign 

in November 2018. 

 
Those instrument comparisons showed a slightly 

enhanced random error for clear-air winds from the 
Rayleigh channel compared to requirements, and con-
firmed the higher systematic errors of up to 2 m/s from 
the preliminary Aeolus data product originating from 
several known sources (Figure 3.1-3). Among those are 
mainly enhanced offsets for detector pixels and varia-
tions of the telescope temperatures, which are both 
corrected in the Aeolus products since April 2020 
through work from IPA within the Aeolus DISC. Be-
yond the assessment of the data product quality of 
Aeolus, the airborne validation campaigns provide 
recommendations for the improvement of the bias 
correction algorithms for Aeolus and a reference data 
set for the reprocessing of Aeolus products. 

Investigating correlated aerosol-cloud occurrence 

The potential of spaceborne cloud and aerosol lidar 
observations (e.g. EarthCARE) for studying aerosol and 
cloud distribution as well as aerosol-cloud interaction is 
demonstrated by measurements with airborne lidar.  

During the HALO missions NARVAL and NARVAL 2.0 
as well as during ML-CIRRUS, collocated aerosol and 
cloud properties were measured with the water vapour 
and high spectral resolution lidar system WALES (Water 
Vapour Lidar Experiment in Space). Those measurements 
were furthermore combined with backward trajectories, 
giving information about the history and source region 
of the air masses. With this approach, changes in the 
optical and macrophysical cloud properties in the pres-
ence and absence of aerosols can be studied. 

Figure 3.1-4 shows as an example the cloud frac-
tion (CF) and macrophysical properties of shallow 
marine convection over the subtropical North Atlantic 
as a function of the vertical extent and optical thick-
ness of elevated Saharan air layers observed by air-

borne lidar measurements. From these measurements 
it could be shown that the overall CF in dust-affected 
regions was reduced by about 50% compared to 
typical non-dust CFs. Additionally the clouds were 
shallower in the dust regions with mean CTHs of 
about 1 km or less. In dust free regions mean CTHs 
up to 1.4 km were found.  
 

 

Figure 3.1-4: Mean CTHs and CF of clouds detected 

below Saharan dust layers as a function of Saharan dust 

layer vertical extent (zSAL) and layer optical depth 

(τSAL(532)) at 532 nm. 

 

Validation of the synergistic retrieval 

A major aim of the upcoming EarthCARE satellite 
mission is to determine the radiative state of the at-
mospheric system. For that, the microphysical proper-
ties of aerosols and clouds have to be characterised. 

To derive ice microphysical properties the synergy 
of lidar and radar measurements can be used. For the 
HALO lidar and radar measurements, IPA developed 
and applied a synergistic retrieval similar to the one 
that is applied to current spaceborne lidar and radar 
measurements and similar also to the one that will be 
applied to EarthCARE data in the future (Section 2.2). 
It is based on an optimal estimation using a combina-
tion of climatological parameters, forward modelling 
and measured lidar and radar parameters to derive the 
microphysical properties of clouds and aerosols. In 
order to use the derived data products in estimations 
of the radiative state of the atmosphere, the retrieval 
has to be validated. This can be done in two different 
ways: either by using a radiative closure or by direct 
measurements of the microphysical properties, e.g. 
from a second aircraft probing the same cloud. 

Figure 3.1-5 gives an example of a consistency 
check using the radiative closure method. The retrieved 
microphysical cloud properties were used as input 
values for radiative transfer calculations along the flight 
path to retrieve the spectral radiance at HALO flight 
level. In a next step these were compared to actually 
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measured spectral radiances with a hyper-spectral 
imager on board HALO. With a minor deviation of 5%, 
both data sets show very good agreement, thus prov-
ing the high performance of the algorithm. 

 

 

Figure 3.1-5: Top: IWC and effective radius retrieved 

from lidar-radar measurements on HALO. Lower panel: 

calculated spectral radiances from the derived micro-

physical properties (VARCLOUD) in comparison to direct 

measured spectral radiance with the hyper-spectral 

imager specMACS. 

 
Figure 3.1-6 shows a result from the second ap-

proach, e.g. a comparison of in-situ measured and 
radar-lidar retrieved IWC during a coordinated flight 
leg with the British FAAM BAe-146 aircraft. Also these 
measurements are in good agreement with the same 
order of magnitude and an only slightly (15%) overes-
timated IWC profile. 
 

 

Figure 3.1-6: Frequency distribution of IWC as a function 

of temperature retrieved from combined lidar-radar 

measurements on HALO and from in-situ measurements 

on the FAAM BAe-146 (red and black dots). 

Multi-platform lidar-radar observations 

In the future, there will be a transition of lidar and 
radar observations from the current CALIPSO and 
CloudSat measurements to the next generation: 
EarthCARE. With this switch of platforms, also the 
used wavelength of the lidar measurements will 
change from 532 to 355 nm. Thus, it is important to 
investigate the effects of this wavelength change on 
the derived cloud and aerosol properties. It is equally 
essential to determine differences due to the expected 
improved system sensitivity. Airborne measurements 
are crucial to help investigating these differences. 

To that end, during the NAWDEX mission, correlated 
lidar and radar measurements were performed for the 
first time on three different platforms; i.e. the German 
research aircraft HALO, the French SAFIRE Falcon, and 
the satellite combination CALIPSO/CloudSat. The meas-
urements on these different platforms were performed 
at different wavelengths, wavelength combinations, 
resolution, and sensitivity, and thus can be used to in-
vestigate different effects. 
 

 

Figure 3.1-7: Top: Joint Radar Reflectivity measurement 

curtain of the SAFIRE Falcon and HALO. Bottom: Frequen-

cy distribution of the retrieved IWC from SAFIRE Falcon 

(red) and HALO measurements (green). 

 
Figure 3.1-7 shows an example of coordinated 

measurements on board the SAFIRE Falcon and HALO 
and the resulting differences in the derived microphysical 
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properties from synergistic lidar-radar retrievals (Section 
2.2). Those measurements and analyses provide essential 
information to distinguish between the effects on the 
retrieved properties, caused e.g. by the different system 
sensitivity or the different wavelength. These results 
provide crucial information for future validation studies of 
the upcoming ESA/JAXA EarthCARE mission. They allow 
to determine effects caused by instrument characteristic, 
and thus to discriminate those from effects caused by 
unexpected system performance. 

CH4 and CO2 IPDA lidar measurements on HALO 

With the CHARM-F system, IPA has developed an air-
borne CH4 and CO2 IPDA lidar system similar to the one 
that will be employed on the MERLIN mission (Section 
2.2). This system is used to extensively study and charac-
terize the expected system performance of the future 
spaceborne mission. Measurements were performed 
during the HALO mission CoMet 1.0. Next to the testing 
of system performance, the mission aimed to investigate 
the source regions and transport of CH4 and CO2 on 
European scale.  
 

 

Figure 3.1-8: WRF model simulations of XCH4 along a 

measurement flight during CoMet 1.0 (left), and XCH4 

measured along the flight track with the CHARM-F lidar 

system (right). 

 
Figure 3.1-8 shows an example of a CoMet 1.0 

flight aiming at observing continental-scale gradients of 
CH4. Apart from the well-known background bias in the 
WRF model, CHARM-F and WRF show very similar CH4 
patterns. The elevated CH4 concentrations above North-
east Germany and South Sweden can likely be attribut-

ed to mid-European anthropogenic sources, e.g. oil and 
gas industry, landfills, or agriculture. Those measure-
ments act as a proof of concept that airborne and 
spaceborne IPDA lidar measurements are well capable to 
detect relatively weak large-scale gradients in the CO2 or 
CH4 concentration distributions. They furthermore give 
confidence that small-scale gradients or point sources of 
CH4 and CO2 can also be detected from spaceborne 
lidar missions. 

Point source detection with IPDA lidar from Space 

With respect to the global monitoring of climate effec-
tive GHGs, i.e. CH4 and CO2, the capability of space-
borne IPDA lidar systems was investigated in the frame 
of the CO2Mon project. Specifically the capability to 
detect point sources was investigated as this is crucial to 
determine anthropogenic CH4 or CO2 sources. With the 
experience from CHARM-F measurements, a minimum 
repetition rate of 500 Hz and a precision of 5% were 
specified to provide the necessary spatial resolution and 
measurement accuracy for small scale point source 
detection. 
 

 

Figure 3.1-9: XCO2 and XCH4 measurement precision as a 

function of pulse repetition frequency for an ideal de-

tector, 2 W average laser power, and 0.7 m telescope. 

 
Model simulations show (Figure 3.1-9) that for con-

stant average laser power, the measurement precision 
deteriorates with increasing repetition rate, due to in-
creasing speckle noise. This effect limits the possibility to 
go to high spatial resolution, and requires a compromise 
between laser power, resolution and precision. While the 
CH4 and CO2 measurement performances at 1.6 μm are 
similar, the performance at 2 μm is degraded due to a 
lower albedo. The study concludes that it will be possible 
to measure emission rates of CO2 from power plants or 
of CH4 from coal mines using a technologically feasible 
space lidar with 2 W laser power and a 0.7 m telescope.  

Preparation study for water vapour lidar in space 

Water vapour is the fundamental GHG in the Earth’s 
atmosphere. It acts within the atmospheric system with 
respect to cloud evolution, latent heat transport and 
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has a strong direct impact on the radiative budget, 
even stronger than CH4 and CO2. Deficits of the water 
vapour representation in current NWP models show 
that vertical profiles of the water vapour distribution 
on global scale are still needed, as the vertical variabil-
ity cannot be retrieved by passive methods with re-
quired accuracy. Especially in the lower tropical and 
subtropical troposphere as well as in the tropopause 
region active water vapour measurements would pro-
vide a crucial contribution. 
 

 

Figure 3.1-10: Input (top) and output (bottom) of an 

end-to-end performance simulation of the tropical 

lower troposphere for a spaceborne H2O DIAL. Input 

data from WALES demonstrator during the NARVAL 2.0 

campaign and composite of ECMWF analyses data and 

airborne DIAL. White areas in the output panel are due 

to opaque clouds in the input backscatter data. 

 
In preparation of a mission proposal for a water 

vapour lidar in space, end-to-end performance simula-
tions were performed for spaceborne H2O DIAL meas-
urements (Figure 3.1-10) using data from the IPA 
WALES H2O DIAL system on board HALO. Those simu-
lations are crucial to define specifications for a future 
spaceborne system, and to estimate future spaceborne 
DIAL performances and deficits. 

Co-located ozone and water vapour observations 

Water vapour is furthermore an important component 
in the UTLS region. In the last years IPA built a combined 
water vapour and O3 DIAL system. The performance of 
the new O3 channel was validated with comparisons to 
highly accurate coordinated O3 sonde launches. The 
system with combined water vapour and O3 channels 
was flown for the first time during the POLSTRACC and 

WISE missions to gather co-located O3 and water vapour 
cross sections along the flight path. With that, it proofed 
its unique capability to perform 2D tracer-tracer meas-
urements along the flight track.  
 

 

Figure 3.1-11: Water vapour volume mixing ratio and O3 

volume mixing ratio in the upper troposphere and 

lower stratosphere measured with the combined water 

vapour and O3 DIAL during the WISE campaign. 

 
Figure 3.1-11 shows a measurement example of the 

combined O3 and water vapour lidar employed during 
the WISE campaign. The sharp gradient of tropospheric 
water vapour and O3 is clearly visible in the cross sec-
tions. However, at about 19:30 local time (LT) the O3 as 
well as the water vapour mixing ratio show a simulta-
neous deviation from the general tropopause structure 
transporting dry stratospheric air masses with enhanced 
O3 concentration into the lower troposphere (strato-
spheric intrusion). Those measurements proof the good 
overall performance of the system, and will be deployed 
in studies dedicated to stratospheric-tropospheric ex-
change in the future (Section 4.2). 

3.1.2 Atmospheric dynamics 

Earth’s atmosphere is strongly influenced by dynamical 
processes, which are important to understand the 
climatological mean temperature distribution as well as 
individual extreme weather events. At IPA, research in 
atmospheric dynamics reaches from small-scale GWs 
over synoptic systems to the hemisphere-wide general 
circulation, with the overall aim to gain a better under-
standing of how those processes on different scales are 
interlinked and how they are relevant on climate as 
well as weather timescales. 
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Vertical coupling processes into the middle at-
mosphere 

The coupling between the different layers of the Earth’s 
atmosphere by dynamical processes plays a central role 
for driving the global circulation. The dynamical coupling 
between the tropospheric flow - where the majority of 
upward propagating disturbances are excited - and the 
middle atmospheric response has been investigated 
more thoroughly during the recent 5 years. This research 
was concentrated in the matrix group “Middle Atmos-
phere” where individual activities were coordinated and 
the latest results were exchanged. The extraordinary 
intense interplay between the developments of observa-
tional tools (compact ground-based, balloon-borne, and 
airborne lidar systems, Section 2.2) and the analysis by 
means of newly developed statistical diagnostics, 
ECMWF data, and high-resolution numerical modelling 
constitutes a peculiarity of basic research conducted at 
IPA. The successful work of the members of the middle 
atmosphere group reflects in more than 40 papers being 
published in diverse peer-reviewed journals during the 
recent 5 years. From those results, two selected exam-
ples and one unpublished example from the most recent 
SouthTRAC campaign document the breadth of middle 
atmosphere research. 

The coupling of tropospheric modes with the strat-
ospheric flow leads to diverse physical phenomena. 
One of the important processes first observed during 
the DEEPWAVE campaign is the oblique meridional 
propagation of mountain waves into the PNJ. Internal 
GWs excited by a strong cross mountain flow not only 
propagate vertically. They disperse horizontally leading 
to trailing wave patterns and to enhanced GW ampli-
tudes near the PNJ. Elongated phase lines of tempera-
ture perturbations at stratospheric altitudes are the 
visible evidence of the existence of these middle at-
mosphere GWs as seen in satellite imagery and 
ECMWF analyses. Such an event was observed by the 
IPA-developed, ground-based Temperature Lidar for 
Middle Atmospheric Research (TELMA) in Lauder, New 
Zealand and concomitant AIRS imagery during the 
excitation of large-amplitude mountain waves above 
New Zealand end of July 2014. 

Besides the remote-sensing observations, ECMWF 
re-analyses and ray-tracing simulations were utilized 
to entangle the physical processes. In this case, the 
propagation of mountain waves into the middle at-
mosphere was influenced by two different processes: 
The lower stratospheric wind minimum located above 
the mountains caused convective instabilities and 
turbulence and the mountain waves could only pene-
trate this layer with much reduced amplitudes (Figure 
3.1-12, top). 

Moreover, a large meridional shear of the zonal 
wind appeared between the stratospheric wind mini-
mum and the PNJ located further south. Ray-tracing 

simulations based on linear wave theory revealed that 
the mountain waves were refracted meridionally into the 
PNJ. The ERA5 data impressively reproduce the linear 
predictions (Figure 3.1-12, bottom). These results under-
line the importance of considering horizontal wave 
propagation, a process recently studied during the 
SouthTRAC campaign to explain the occurrence of a 
stratospheric GW belt at 60°S and the contributions of 
these mountain waves focusing into the PNJ.  
 

 

 

Figure 3.1-12: Top: Sketch of the rays of GW propagation 

above New Zealand during 31 July and 1 August 2014 

(green arrows). Number (1) illustrates the effect of insta-

bilities on the vertical propagation, number (2) marks the 

case where instabilities are absent and the GW rays are 

dominated by refraction. Bottom: Trailing waves as result 

of wave refraction visualized by ERA5 temperature per-

turbations at 10 hPa on 31 July 2014 12 UTC. The green 

solid lines represent the geopotential height; the denser 

the lines the stronger is the horizontal air flow. 

 
Another conundrum was the early finding from 

DEEPWAVE that only mountain waves with small to 
moderate amplitudes at forcing level were able to 
propagate to mesospheric altitudes. The reason is the 
linearity of their propagation as the amplitudes do 
not grow sufficiently to overturn and break. There-
fore, the following question arose: Might strong 
tropospheric forcing also causes large-amplitude 
mesospheric GWs? 

On 4 July 2014, strong low-level horizontal winds 
of up to 35 m s−1 over the Southern Alps, New Zea-
land, caused the excitation of mountain waves having 
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the largest vertical energy fluxes of 38 W m−2 measured 
during the whole DEEPWAVE campaign. At the same 
time, large-amplitude mesospheric GWs were detected 
by TELMA. Altogether, an extensive data set covering 
the troposphere, stratosphere, and mesosphere was 
analysed, comprising TELMA data, in-situ aircraft 
measurements, radiosondes, and DWL measurements 
on board the DLR Falcon as well as Rayleigh lidar and 
advanced mesospheric temperature mapper (AMTM) 
measurements aboard the NSF/NCAR Gulfstream V. 

Stationary mountain waves were detected in all 
atmospheric layers up to the mesosphere with hori-
zontal wavelengths between 20 and 100 km. These 
measurements were complemented by limited area 
simulations using the unified model of the UK Met 
Office and resulted in convincing combinations of 
data and model results.  

The in-depth analysis of the comprehensive and 
unique data set confirmed that strong tropospheric 
forcing caused the observed large-amplitude GWs in 
the mesosphere. Moreover, the study revealed that 
three essential ingredients are required to achieve both 
a deep vertical propagation and large-amplitude GWs 
in the mesosphere during strong forcing conditions: 
first, nearly linear wave propagation across the tropo-
pause; second, leakage of GWs through the strato-
spheric wind minimum; and third, amplification of the 
waves in the PNJ. The complete coverage of IPA’s data 
set from the troposphere to the mesosphere proved to 
be valuable and essential to identify the processes 
involved in deep GW propagation. 
 

 

Figure 3.1-13: Evolution of the Antarctic stratospheric 

polar vortex during the four-week period from 21 Au-

gust until 20 September 2019. Shown is the scaled po-

tential vorticity at the 850 K isentropic surface. Data: 

high-resolution IFS operational analyses. 

 
A similar data set was recently collected during the 

SouthTRAC campaign in Argentina. In contrast to New 
Zealand, the Andes extend from the tropics to high 
middle latitudes and are a huge barrier to the tropo-
spheric flow. SouthTRAC was scheduled for the end of 
the Austral winter in September 2019. Unfortunately, 
the Antarctic polar vortex was disturbed by pro-
nounced planetary wave activity this year. An early 
sudden stratospheric warming displaced the vortex off 
the pole and led to a much smaller vortex area com-
pared to the size usually occurring during the time of 
the year (Figure 3.1-13). 

During this period, several research flights were 
conducted to observe the deep vertical propagation 
of mountain waves excited by the flow over the An-
des. One example of temperature perturbation pat-
terns associated with vertically propagating mountain 
waves is displayed in Figure 3.1-14. It shows a variety 
of wave modes extending upwards and downstream 
of the Andes. In the ongoing WASCLIM project, 
SouthTRAC data will be used to refine subgrid-scale 
parametrizations of horizontal wave propagation in 
global circulation models. 
 

 

Figure 3.1-14: ALIMA measurements of temperature 

perturbations during SouthTRAC research flight ST08 on 

12 September 2019. Large wave amplitudes are ob-

served over the Andes (e.g., from 01:00 – 01:30 UT). 

 

The stratospheric transport circulation in a chang-
ing climate 

As has been known for a long time, increases in GHG 
concentrations affect atmospheric temperatures and 
their gradients, in turn leading to changes in the global 
circulation systems. The stratospheric circulation con-
trols the distribution of chemically and radiatively active 
trace gases. Changes in the stratospheric circulation 
can have an effect on the surface climate through 
radiative, but also through dynamical processes.  

A long-standing result from global climate models 
is the strengthening of the stratospheric transport 
circulation (the “Brewer-Dobson circulation”) in re-
sponse to increased GHG concentrations. This mani-
fests itself in a reduction of mean transport times of 
air from the troposphere to any given location in the 
stratosphere, as measured by the so-called mean age 
of air (AoA). Observational estimates of the past 
mean AoA evolution are limited, and the only availa-
ble long-term data set suggests an (insignificant) 
increase in mean AoA over the last 40 years. The 
main goal of research within the Young Investigator’s 
Group MACClim is to assess whether the discrepancy 
between modelled and observed AoA trends is due to 



 

 

48

Institute of Atmospheric Physics – Status Report 2015–2020 

(i) uncertainty in the representation of relevant pro-
cesses in climate models (namely transport and sub-
grid scale wave forcing); or (ii) uncertainty in the 
observational AoA estimates.  
 

 

Figure 3.1-15: Tropical mean (20°N-20°S) profiles of 

mean Age of Air (AoA) and mean residual circulation 

transit time (RCTT) for past (blue) and future (red) 

mean climate states, and future AoA for assuming no 

change in mixing (grey) or no change in the relative 

mixing strength. (black). EMAC-L90 simulations verti-

cally resolve the atmosphere from the surface to 1 hPa 

by 90 layers. 

 
Mean transport times are affected by the mean 

net mass circulation as well as by mixing processes. It 
was shown that the latter is mainly due to large-scale 
horizontal mixing, but also due to sub-grid horizontal 
and vertical dispersion. The multi-model suite of 
simulations performed in support of CCMI-1 was 
utilized to study the ability of the models to simulate 
mean transport, revealing a large spread in simulated 
mean AoA in the models. Using techniques to diag-
nose the effects of mixing on AoA developed in the 
group, it could be shown that the spread in simulated 
mean AoA is due to inter-model differences in the 
relative mixing strength. These differences are likely 
related to sub-grid scale vertical diffusion. While 
those results indicate that there are still challenges 
with respect to modelling transport in global models, 
it was found that the trends of mean AoA over the 
21st century are robust within the suite of the CCMI-1 
models. All models project a decrease in mean AoA, 
with the strength of the decrease varying between -
0.1 to -0.2 years/decade. By separating the effects of 
changes in the relative mixing strength (as outlined in 
Figure 3.1-15), it was shown that changes in relative 

mixing amplify the future reduction in AoA, and that 
uncertainties in those relative mixing changes en-
hance the model spread in the projected AoA trend.  

In addition to transport processes, a major uncer-
tainty in the simulation of the stratospheric circula-
tion in global climate models is the representation of 
small-scale GWs, which currently are parametrized 
based on simple assumptions. However, while the 
climatological mean circulation and AoA is sensitive 
to the settings of GW parameterizations in the mod-
el, it was shown that the AoA trends are remarkably 
robust to those settings. 

Overall, it can be concluded that uncertainties in 
the representation of relevant model processes are 
unlikely the causes for the discrepancy between mod-
elled and observed AoA trends. 

To evaluate the uncertainty in mean AoA derived 
from observed trace gases, model simulations were 
performed, which included idealized transport tracers 
and realistic tracers. Mean AoA was derived from the 
realistic tracers with the identical methods that had 
been used for observational data. 
 

 

Figure 3.1-16: Mean Age-of-Air (AoA) trend deduced 

from observational data for the Northern Hemisphere 

around 30 km height from 1975 to 2016, as a function of 

the parameters assumed in the calculation (ratio of 

moments: x-axis; fraction of input: colours). 

 
A strong sensitivity of the derived trend to the pa-

rameters that need to be assumed in the procedure 
was found. Based on the model results, it could be 
concluded that so far, the AoA spectrum was as-
sumed to be too narrow (too small ratio of moments, 
Figure 3.1-16). Therefore, the observational mean 
AoA trend was so far overestimated, and with im-
proved parameter choices, it is corrected downward 
by about 50%. Therewith, the long-standing discrep-
ancy between modelled and observed stratospheric 
circulation trends is at least partly resolved, since the 
corrected observed AoA trend and the AoA trend 
simulated by global models are reconciled within 
uncertainty limits. 
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Stratosphere-Troposphere coupling via polar vortex 

It has been acknowledged since many years that 
extreme states of the wintertime stratospheric polar 
vortex (such as sudden stratospheric warmings) affect 
the tropospheric circulation. However, it is still not 
clear under which conditions this coupling is most 
effective, and how strong – quantitatively - the influ-
ence of stratospheric extreme events on extended-
range predictability is for individual cases.  

By testing for consistent circulation anomalies 
throughout stratosphere and troposphere, it was 
shown that stratospheric polar vortex extreme states 
can be classified into two classes: One that does lead 
to significant anomalies in the troposphere, and an-
other that does not. Here, the former class consists of 
only 20% of all events when using a stringent criteri-
on for the downward propagating anomalies. In 
agreement with other recent work, the class of 
events that influences the troposphere contains far 
more persistent anomalies in the lower stratosphere.  
 

 

Figure 3.1-17: Probabilistic forecast of a certain weath-

er event (e.g. cold spell): a stratospheric extreme event 

causes an increase in the likelihood of the tropospher-

ic event; the actual strength of the event is set by the 

synoptic development about 10 days before the event, 

i.e. the event is predicted deterministically on the 

typical synoptic time scale. 

 
A recent event of this type is the sudden strato-

spheric warmings event in February 2018. In a case 
study using ECMWF ensemble forecasts, the effect this 
sudden stratospheric warming had on the predictability 
of the cold spell in late February / early March 2018 
was quantified. As sketched in Figure 3.1-17, the sud-
den stratospheric warming increased the probability of 
the occurrence of the cold spell. The role of the strato-
sphere was confirmed by analysing a set of nudged 
ensemble forecasts, applying a method that appears to 
be promising for future studies on the role of strato-
spheric processes on predictability (Section 4.1). 

Tropospheric processes and predictability 

In recent years, a unique set of observational capabili-
ties at IPA, especially profiling lidar instruments in-
stalled on board aircraft, allowed the creation of a 
comprehensive data set of profile measurements of 
dynamically relevant parameters, e.g., wind, humidity, 
temperature, and clouds. One of the key aims of this 
endeavour is the quantification of systematic uncer-
tainties in NWP fields that is only possible with highly 
resolved and accurate profile data. Such uncertainties 
impact the ability to predict weather, which is of high 
societal and economical relevance, especially when it 
comes to high impact weather, i.e. flash floods, 
storms, droughts. This research was embedded in in 
the collaborative research centre Waves to Weather 
(W2W) funded by the DFG (German Science Founda-
tion). Additionally, it contributes to the High Impact 
Weather project within the World Weather Research 
Program (WWRP) of the World Meteorological Organi-
zation (WMO). 

An important milestone was the North Atlantic 
Waveguide and Downstream Impact Experiment 
(NAWDEX) in September and October 2016. This 
internationally coordinated field experiment per-
formed the first dedicated measurements to study 
the impact of diabatic processes on disturbances of 
the jet stream and their influence on downstream 
high-impact weather in the mid-latitudes through 
the deployment of four research aircraft. IPA coor-
dinated the German contribution to NAWDEX in-
cluding HALO and the DLR Falcon. It was the first 
deployment of HALO in a campaign focusing on 
mid-latitude dynamics and provided the most com-
plete set of wind, humidity, temperature, and cloud 
profile observations of the North Atlantic jet stream 
yet accomplished. Led by IPA a campaign overview 
article was published showing NAWDEX on the 
cover of the Bulletin of the American Meteorological 
Society (Schäfler et al., 2018)  

Beside the focus on atmospheric dynamics, com-
bined active remote-sensing observations were per-
formed for the preparation of the calibration and vali-
dation phase of satellite missions Aeolus and Earth-
CARE. Multi-platform radar-lidar observations were 
obtained in joint flights with the French and British 
aircraft, and satellite underpasses were performed (as 
explained in Sections 2.2.3 and 3.1.1). 

NAWDEX was conducted from Keflavik, Iceland, 
and operated in an area covering the North Atlantic 
north of 45°N, and northern and central Europe. The 
observation period was characterized by frequently 
occurring extratropical and tropical cyclones which 
was ideal for investigating mid-latitude weather over 
the North Atlantic. HALO was equipped with a set of 
remote sensing instruments and dropsondes in order 
to acquire profiles of temperature, moisture, and 
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cloud properties. The DLR Falcon was operated with 
two wind lidar instruments on board (Figure 3.1-18). 
The resulting data set provides an integrated picture 
of the atmospheric structure in regions where dia-
batic processes were active, from the synoptic to the 
sub-kilometre scale. 
 

 

Figure 3.1-18: (a) Collocated profiles of the vertical cloud 

structure below HALO, based on lidar (backscatter; along 

green part of the flight) and radar (radar reflectivity; along 

red line) observations. (b) Collocated wind speed observa-

tions on board the DLR Falcon using the A2D direct-

detection wind lidar (along the blue line) and the 2-μm 

coherent DWL (along the red line). The latter is horizontally 

displaced from the actual flight track for clarity. 

 
The coverage and fidelity of the observations will 

enable future studies to estimate diabatic heating 
through the use of models and diagnostics constrained 
by the NAWDEX observations. Figure 3.1-19 shows an 
example of the observational capabilities of HALO for a 
~1600 km long flight segment across the former tropi-
cal storm Karl that was encountered south of Iceland 
on 26 September 2016. Before 12 UTC, HALO tran-
sected a large scale cloud that was reaching tropo-
pause levels. The radar gives information on the verti-
cal structure and in-cloud properties whereas the water 
vapour lidar is able to monitor the humidity structure 
across the tropopause. After 12 UTC a strongly tilted 
tropopause depicts a tropopause fold event below an 
upper level jet stream which largely impacted the dis-
tribution of water vapour. Such observations facilitate 
the validation of NWP models and reveal the moisture 
distribution and cloud processes.  

 

Figure 3.1-19: (a) Water vapour mixing ratio (in colours, 

g/kg) and (b) radar reflectivity (in dBz) for a HALO flight 

on 26 September 2016. The grey line marks the flight 

altitude. Superimposed contours are interpolated model 

data for: potential temperature (black thin), dynamic 

tropopause (2 PVU, thick black), wind velocities (red, 

m/s), 0°C isotherm (dashed black). 

 
One of the key findings of NAWDEX was the in-

creased uncertainty in NWP wind fields near the tropo-
pause. This atmospheric layer is relevant for prediction of 
Rossby waves and the European weather. Additionally, 
observational evidence of negative potential vorticity in 
dropsondes and in-situ observations triggered theoretical 
and modelling studies. Furthermore cloud observations 
from HALO were used to investigate the convective 
activity in an extratropical cyclone and its warm conveyor 
belt. NAWDEX data were also used to investigate a tur-
bulence event above Iceland and the spectrum of vertical 
velocity near the tropopause. Many of the NAWDEX case 
studies triggered work on a national level within W2W 
and the international NAWDEX community covering not 
only predictability and dynamics but also the synergistic 
use of active and passive remote-sensing data. 

3.1.3 Research on greenhouse 
gases and reactive trace gases 

Corresponding research within IPA is mostly embedded 
in national and international activities. For instance, 
large flight campaigns are organised in cooperation 
with partners (e.g. HGF institutes or in EU projects) as 
well as modelling projects, which are suggested and 
organised by activities in the environment of interna-
tional assessment reports, e.g. by IPCC and WMO. At 
IPA itself, the establishment of respective matrix groups 
(e.g. water vapour, CH4, or short-lived tracer species) 
supports the coordination of research activities be-
tween the different IPA departments.  
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This section focuses on IPA research investigating 
(i) well-mixed GHGs; (ii) other reactive traces gases; 
(iii) the ASM system and how it impacts the Earth’s 
climate; (iv) novel experimental developments involv-
ing the first sounding rocket ever launched by IPA; 
and finally (v) IPA contributions to important interna-
tional assessments. From the large number of scien-
tific papers published in peer-reviewed journals, 
prominent examples of scientific key results are pre-
sented in this section.  

Quantification of regional CH4 and CO2 emissions 

To improve our current knowledge on the budgets of 
the two most important anthropogenic GHGs, CO2 and 
CH4, an airborne mission on board the German research 
aircraft HALO in coordination with two smaller Cessna 
aircraft was conducted in May/June 2018. The goal of 
the CoMet 1.0 flight campaign (Table 2.1-2 in Section 
2.1), coordinated by IPA in the frame of the two projects 
KliSAW (DLR internal) and AIRSPACE (funded by BMBF), 
was to develop and evaluate methods for the independ-
ent monitoring of GHG emissions and to provide data 
for satellite validation (Section 4.2.3). CoMet 1.0 com-
bined a suite of airborne active (lidar) and passive re-
mote sensors (spectrometers) with in-situ instruments to 
provide local- to regional-scale data about atmospheric 
concentrations of CO2 and CH4 and to derive emissions 
on different scales. Furthermore, a model framework 
e.g., MECO(n) model (Section 2.5) was employed in 
order to use the data of the individual instruments for 
modelling the GHG fluxes. Those models were also used 
in forecast mode, for the first time, to optimize flight 
strategies. The CoMet 1.0 testbed region was the Upper 
Silesian Coal Basin (USCB), located in Southern Poland, 
which represents one of the largest European CH4 emis-
sion sources with a total of around 500 kt CH4/a from 
about 40 hard coal mines.  

 

 

Figure 3.1-20: CHARM-F lidar observation of CH4 col-

umn concentration (measuring points) above the USCB 

on 7 June 2018. The background shading shows 

MECO(n) forecasted CH4 column concentrations. Warm 

colours indicate higher CH4 values in this qualitative 

comparison. 

The airborne GHG lidar CHARM-F (Section 3.1.1) 
was employed during CoMet 1.0 on board the German 
research aircraft HALO. The IPDA lidar measures the 
column averaged mixing ratios of carbon dioxide 
(XCO2) and methane (XCH4) between aircraft and 
ground simultaneously and independently. The lidar 
provides large transects within and around the USCB, 
characterizing the regional gradients. It also successful-
ly performed measurements of individual CH4 coal 
mine plumes and of CO2 power plant plumes. Figure 
3.1-20 shows exemplary the CHARM-F lidar observa-
tion of XCH4 and the CH4 column concentrations fore-
casted by the MECO(n) model. 

A goal of CoMet 1.0 was to estimate the Upper 
Silesian GHG regional emission rates during the cam-
paign period in order to independently verify the 
values reported in the emissions inventories. A re-
gional estimate for the full basin was derived using 
the well-established airborne mass balance approach. 
To this end measurements were taken on board the 
DLR Cessna Caravan, which was equipped with the 
new in-situ instrument package (Section 2.4.1). 

 

 

Figure 3.1-21: CH4 mixing ratio interpolation for the 

USCB emission estimate via mass balance from in-situ 

observations downwind of coal mines (black circles). 

 
During several flights, air masses were sampled both 

in the upwind of the target region, and at several alti-
tudes in the downwind area. The GHG emissions were 
calculated from the mass flux through the downwind 
sampling plane (Figure 3.1-21). Thereby, the mixing 
ratios derived from the observations on the separate 
flight tracks were interpolated using a statistical method 
called “kriging”. Additionally, the uncertainty of the flux 
estimate from airborne wind speed observations and 
kriged fields, combined with background concentra-
tions, was assessed through several sensitivity tests. The 
derived CH4 emission estimates for the entire USCB 
agree well within uncertainties with bottom-up invento-
ries like the Emission Database for Global Atmospheric 
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Research (EDGAR) and the European Pollutant Release 
and Transfer Register (E-PRTR). CO2 emission estimates 
are about 10% lower than the inventories. 

In addition to the mass balance method, a more 
sophisticated approach to estimate emissions was 
developed. Hereby, meteorological driver data were 
generated using a regional model and continuous 
assimilated wind lidar soundings from three wind 
lidars (Section 2.2) operated by IPA during the CoMet 
1.0 mission. The optimized wind fields were then 
used in a Lagrangian particle dispersion model to 
simulate the exhaust plumes of the known ventilation 
shafts and to adapt their emission strength by opti-
mizing the model output with the observations. The 
total CH4 emission estimate for the USCB area ob-
tained with this modelling approach is in good 
agreement (±20%) with the traditional mass balance 
approach, but additionally allows, in principle, for 
estimating emissions down to the facility level even 
from large area survey flights. 

Urban greenhouse gas emissions 

The in-situ instrumentation on board the DLR Cessna 
was also used within the [UC]2 BMBF project to study 
the GHG emissions downwind of the German capital 
Berlin by using the mass balance approach described 
above. Urban areas are recognised as a significant 
source of GHG emissions, however, their total amount, 
especially for CH4, is not well quantified.  
 

 

Figure 3.1-22: Distributions of MECO(n) simulated col-

umn-averaged dry air mole fractions of the CH4 increase 

at 13 UTC on 20 July 2018. The flight path is shown in 

black, and the downwind “wall” is colour-coded accord-

ing to the measured CH4 enhancement. 

 
The detection and separation of the Berlin plume 

turned out to be challenging because of small en-
hancements above varying background concentrations, 
but for one specific day it was possible to derive an 
estimate for the urban CO2 and CH4 emissions. While 
the obtained CO2 emission rate is in agreement with 

current inventories, a large discrepancy for the CH4 
emission flux was found (nearly a factor 2 higher than 
the largest reported inventory value). Using the high 
resolution numerical model MECO(n) (Section 2.5), it 
was shown that a large part of the plume must origi-
nate from outside Berlin, possibly caused by the contri-
bution of sewage treatment plants, (not inventoried) 
waste deposition or agriculture. Figure 3.1-22 presents 
the measured CH4 mixing ratios downwind of Berlin 
along the flight track within the boundary layer. The 
simulated MECO(n) mixing ratios from a city-limited 
emission inventory (brown shading in the figure) clearly 
demonstrates underestimated urban emissions and 
missing sources, which must be located in the larger 
surrounding area.  

Our study showed that bottom-up CO2 and, in par-
ticular, CH4 emission inventories are subject to large 
uncertainties at the city scale, even for major cities in 
highly developed countries like Germany. Hence, top-
down emission estimate studies are an important tool 
to verify emission estimates and to reveal missing 
sources in emission inventories. 

Implications of increased CH4 concentrations 

Consequences of strongly enhanced atmospheric CH4 
concentrations in the Earth’s atmosphere for chemistry–
climate connections were studied on the basis of numer-
ical simulations performed with the CCM EMAC. EMAC 
simulations with two-times enhanced CH4 mixing ratio 
(i.e. sensitivity simulation S2) and a fivefold enhanced 
CH4 mixing ratio (S5) with respect to present condition 
(in this case 2010) mixing ratio and its quasi-
instantaneous chemical impact on the atmosphere were 
investigated. The significant increase in CH4 strongly 
influences the tropospheric chemistry by reducing the 
OH abundance and thereby extending the CH4 lifetime 
as well as the residence time of other chemical sub-
stances. In Figure 3.1-23 both sensitivity simulation 
results (i.e. S2 and S5) are compared with the reference 
CH4 mixing ratio, which is multiplied by 2 and 5. This 
approach makes it possible to see where CH4 is impact-
ed by non-linear processes, i.e. where the 2-folding (5-
folding) at the surface does not lead to an equal in-
crease in the upper layers in the steady state due to 
chemical feedback processes. The CH4 increase between 
50 and 1 hPa is clearly smaller than a strictly linear rela-
tion would predict (in the order of 10% in S5). The 
region above the tropopause is impacted by a substan-
tial rise in SWV due to enhanced CH4 oxidation. The 
stratospheric O3 column increases overall, but SWV-
induced stratospheric cooling also leads to enhanced O3 
depletion in the Antarctic lower stratosphere. The exper-
iments with 2- and 5-fold CH4 increase yield a radiative 
impact of 0.69  and 1.79 W m-2, respectively. These net 
radiative impact values include substantial contributions 
from rapid adjustments of stratospheric O3 and water 
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vapour. To our current knowledge this is the first numer-
ical study using a CCM with respect to 2- and 5-fold 
CH4 mixing ratio. It is therefore an analysis with high 
impact as it emphasizes the consequences of possible 
strong future CH4 emissions on atmospheric chemistry 
and its feedback on climate. 
 

 

Figure 3.1-23: Difference (in %) between the annual zonal 

mean CH4 of the sensitivity simulations S2 relative to the 

2-fold annual zonal mean (left) and S5 relative to the 5-

fold annual zonal mean (right) of the reference simulation. 

 

Importance of stratospheric water vapour 

In recent years many IPA investigations were focused on 
SWV itself. For instance, the yield of H2O and H2 from CH4 
oxidation in the stratosphere was determined in detail. 
The role of SWV as an important driver of climate chang-
es was studied in cooperation with US colleagues. In this 
multi-model study it was shown that the SWV feedback is 
highly relevant, being in the same order of magnitude as 
the global mean surface albedo and cloud feedbacks. 

In another scientific study the strong and abrupt wa-
ter vapour drop in the stratosphere beginning in the 
year 2000 was studied using results of CCM EMAC 
simulations. In addition other similarly strong SWV re-
ductions were analysed by means of various simulations. 
The CCM EMAC is able to most closely reproduce the 
signature and pattern of the water vapour drop derived 
from satellite observations if the model is nudged to-
wards observed dynamical fields (Figure 3.1-24). Model 
results confirmed that this extraordinary water vapour 
decline was particularly obvious in the tropical lower 
stratosphere and was related to a large decrease in cold 
point temperature. The drop signal propagates under 
dilution to the higher stratosphere and to the poles via 
the Brewer–Dobson circulation. 

It was found that the driving forces for this signifi-
cant decline in SWV mixing ratios are tropical sea sur-
face temperature changes due to a coincidence with a 
preceding strong El Niño–Southern Oscillation event 
(1997/1998) followed by a strong La Niña event 
(1999/2000) and supported by the change of the 
westerly to the easterly phase of the equatorial strato-

spheric quasi-biennial oscillation in 2000. Observed sea 
surface temperatures are important for triggering the 
strong decline in SWV. There are indications that, at 
least partly, sea surface temperatures contribute to the 
long period of low water vapour values from 2001 to 
2006. SWV depletions are also found in other years 
and seem to be a feature, which can be found after 
strong combined El Niño/La Niña events when the 
quasi-biennial oscillation west phase during La Niña 
changes to the east phase. 
 

 

Figure 3.1-24: Interannual fluctuations of the near-

global mean (60°S-60°N) SWV mixing ratios (in ppm) at 

83 hPa. Black: data derived from satellite observations 

(combined HALOE and Aura/MLS data). Red: nudged 

EMAC simulation (i.e. RC1SD). Blue: a merged data set. 

The correlation between HALOE/Aura/MLS and EMAC 

RC1SD is r = 0.68 and between the merged data set and 

EMAC RC1SD is r = 0.73. 

 

Investigation of chlorine compounds and its sci-
entific importance 

The chlorine partitioning in the lowermost Arctic vortex 
during a cold winter situation was investigated based 
on airborne measurements. Activated chlorine com-
pounds in the polar winter stratosphere drive catalytic 
cycles depleting O3 and CH4, whose abundances are 
highly relevant to the evolution of global climate. 

A novel data set of in-situ measurements of rele-
vant chlorine species in the lowermost Arctic strato-
sphere was introduced, which has been derived from 
the HALO missions, POLSTRACC, GW-LCYCLE, and 
SALSA, during the winter 2015/2016. The major 
stages of chemical evolution of the lower polar vortex 
were presented in a consistent series of high-
resolution mass spectrometric observations of the 
chlorine reservoir species HCl and ClONO2 (Figure 
3.1-25). Simultaneous measurements of CFC-12 
(CF2Cl2) were used to derive total inorganic chlorine 
(Cly) and ClOx. The results aimed at fostering our 
understanding of the climate impact of chlorine 
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chemistry, providing new observational data to com-
plement satellite data and assess model performance 
in the climate sensitive upper troposphere and lower 
stratosphere region. A good agreement of the data 
was found when compared to the chemistry transport 
model ClaMS (Chemical Lagrangian Model of the 
Stratosphere) except for a high bias of HCl in the dark 
December and January months which remains to be 
resolved.  
 

 

Figure 3.1-25: Ternary diagram of the partitioning of Cly 

into HCl, ClONO2 and ClOx during the second main cam-

paign phase. The HCl isolines run from bottom left to top 

right, the ClONO2 isolines are horizontal and the ClOx 

isolines go from top left to bottom right. Dots mark 

individual measurements, whereby colours indicate the 

isentropic layers. Solid arrows illustrate the temporal 

evolution of the daily averages. As an aid to the reader, 

three green lines denote characteristic values of the 

HCl/ClONO2 ratio, and the orange dashed arrow points 

towards decreasing values of the ClOx fraction. 

 
Due to an excellent equipment of scientific methods 

and tools, IPA is able to react quickly to upcoming scien-
tific questions. For instance, the observation of enhanced 
emissions of CFC-11 (CFCl3) in recent years raised the 
question about the current and future impact on the O3 
layer. For the first time a CCM (i.e. EMAC) is used to 
assess the impact of unexpected emissions of CFC-11 on 
the stratospheric O3. The results of this numerical model 
study did not show dramatic consequences for the global 
mean O3 layer due to an enhanced CFC-11 surface mix-
ing ratio for the next 30–40 years, but indicate relevant 
O3 depletion in the Polar Regions in winter and spring. 
Without a continued strong regulation of CFC-11 and 
other O3 depleting substances, the recovery of the O3 
layer could be significantly affected. 

The results enable an approximate and most likely 
upper limit assessment of how much the unexpected 
additional CFC-11 emissions will affect O3 (Figure 3.1-26). 

The total column ozone in the period from 2041 to 
2050 is particularly affected in both Polar Regions in 
winter and spring. A further analysis of the respective 
partial column ozone for the stratosphere indicates 
that the strongest O3 changes are calculated for the 
polar lower stratosphere, where they are mainly driven 
by the enhanced stratospheric chlorine content and 
associated heterogeneous chemical processes. It was 
found that no major O3 changes can be expected after 
the year 2050, if the CFC-11 emission would be im-
mediately stopped as stipulated by the Montreal Proto-
col. The results of this study will be considered in an 
upcoming WMO special report on the unexpected 
emissions of CFC-11. 

 

 

Figure 3.1-26: Mean annual cycle of total column ozone 

(TCO) differences (in DU) for the 2040s between a mod-

el simulation with enhanced CFC-11 mixing ratios and a 

simulation in compliance with the guidelines of the 

Montreal Protocol. 

 

The Asian Summer Monsoon: An important large-
scale circulation system 

The ASM system is associated with strong upward 
transport of tropospheric source gases, trapping of air 
within the UTLS anticyclone (ASMA) and onward 
transport from the troposphere to the stratosphere. 
The investigation of the ASM’s influence on climate, 
for instance through redistribution of water vapour, 
has become a focus of current research, which relies 
on the understanding of the system’s variability, driving 
mechanisms, chemistry and facilitation of exchange 
between the troposphere and stratosphere. First de-
tailed in-situ measurements in the ASMA were per-
formed during the HALO campaigns ESMVal and 
OMO, and during the MDB Geophysica aircraft cam-
paign StratoClim (Table 2.1-2), which were in parts 
related to the international SPARC/IGAC activity ACAM 
(Atmospheric Composition and the Asian Monsoon) 
co-led by IPA. 
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In-situ measurements in the area of the ASMA 

Upper tropospheric measurements of the trace gas 
composition of the ASMA were analysed, which were 
performed with HALO during the Earth System Model 
Validation (ESMVal) campaign, coordinated by IPA.  

These data constitute the first in-situ observations 
across the southern part and downstream of the east-
ern boundary of the ASMA. Trajectory calculations 
with HYSPLIT and tracer-tracer correlations showed 
that the peculiar trace gas signatures originated from 
the polluted boundary layer in Southern Asia and in-
mixing from the tropopause layer. Hindcast simulations 
of the CCM EMAC demonstrated that the processes 
reflected in the measurements are present throughout 
multiple simulated monsoon seasons. The simulations 
further revealed that net photochemical O3 production 
is enhanced where uplifted precursor species are mixed 
with NOx produced by lightning. Both, the isentropic 
entrainment of O3-rich air and the photochemical 
conversion of uplifted O3-poor air tend to increase O3 
in the monsoon’s outflow. Radial transport barriers of 
the circulation are temporarily overcome by dynamical 
instabilities of the ASMA (Figure 3.1-27). Dedicated 
comparisons of EMAC results to IAGOS-CARIBIC NOy 
measurements and satellite data helped to build trust 
in the simulation to be suitable for the interpretation of 
HALO ESMVal in-situ measurements.  
 

 

Figure 3.1-27: Schematic of transport and related process-

es determining trace gas distributions in the ASMA near 

the tropopause (TP): (a) One undisturbed anticyclone, 

encompassing the Tibetan and Iranian regions. (b) Split-

ting into an Iranian and a Tibetan part. 

 
IPA significantly contributed also to the HALO Ox-

idation Mechanism Observations (OMO) campaign, 
which extensively probed the western part of the 
ASMA. The OMO measurements of nitrogen oxides 
and SO2 conducted by IPA confirmed and extended 
the ESMVal findings and are documented in a Science 

paper, describing the two-sided role of the ASMA – 
pollution pump due to convection and purifier due to 
enhanced OH mixing ratios.  

 

 

Figure 3.1-28: (Lower panel) Vertical profiles of nitric 

oxides (NO) during the eight StratoClim MDB Geophysi-

ca flights in the ASMA. The highest volume mixing 

ratios of 20 ppb were observed on 8 August 2017 with 

an interception of a fresh convective overshoot. (Upper 

panel) MDB Geophysica flight track on 8 August 2017, 

Meteosat cloud imagery for the flight time and WWLLN 

lightning data in purple. 

 
First measurements in the centre of the ASMA 

could be achieved during the EU-StratoClim field 
campaign in 2017 in Kathmandu, Nepal. Key trace 
gases, aerosol and cloud properties were measured 
in-situ in the UTLS within the centre of the ASMA for 
the first time. IPA contributed measurements of ni-
trogen oxides (NO, NOy) and sulphur species (SO2 and 
H2SO4) on board the MDB Geophysica high-altitude 
research aircraft (Section 2.4.1). Figure 3.1-28 shows 
NO data obtained in the ASMA during StratoClim. 
Signatures of fresh NO input from deep convection 
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are visible mainly at altitudes between 13 and 14.5 
km, in the vicinity of the tropopause between 16 and 
18 km, and during the interception of a very fresh 
convective overshoot as indicated by analysis of satel-
lite cloud and lightning data. The origin of NO meas-
ured in convective outflow is mainly due to produc-
tion by lightning as indicated by the analysis of NO–
CO correlations, showing strong NO enhancements 
without corresponding CO increases as expected for 
lightning as NO source but not for combustion and 
biomass burning sources. Strong signatures of 
transport into the ASMA by deep convection were 
also observed for SO2 and H2SO4 leading to the for-
mation of sulphate aerosol. 

Evaluation of reanalyses and modelling with 
respect to the ASMA 

The movement and drivers of the ASMA were investi-
gated using observational and reanalysis data (Figure 
3.1-29). It was found that a clear bimodality, i.e. en-
hanced probability of the ASMA centre to be located 
over the Tibetan and Iranian plateau based on daily 
data is only present in one of the investigated reanaly-
sis. Further it was shown that the interannual variability 
of the ASMA’s centre location is high. 
 

 

Figure 3.1-29: Probability density function of the daily 

location of the South Asian High (SAH) centre at 

100 hPa during JJA 1979–2014 (1979–2010 and 1979–

2013 for CFSR and JRA25) for seven reanalyses. The 

binning was performed according to the 2.5° resolution 

of the data. 

 
In extension and support of previous studies using 

reanalysis and observational data it was found that the 
location of the ASMA’s centre is related to the convec-
tive activity in the ASM region on various timescales, 
e.g. it was found that the mean seasonal cycle of the 
ASMA and its centre location are closely related to the 
seasonal cycle of convection in the South-Asian region.  

 

 

Figure 3.1-30: Climatology of mean mass (colour-coded) 

and relative water vapour (contours) contribution of the 

ASM tracer (both in %) over the course of a year. Note 

that each season features an individual colour bar with 

high (low) contributions coloured in red (yellow to 

white). Numbers in the top right corner of each panel 

indicate the contour line spacing as min/max/delta. The 

light blue lines represent the mean WMO tropopause 

based on ERA-Interim data. 

 
In a further study water vapour transport from the 

upper troposphere in the ASM region to the strato-
sphere was quantified in cooperation with colleagues 
from FZ Jülich (lead by IPA). The characteristics of 
water vapour transport from the ASM to the strato-
sphere were analysed with a multiannual simulation 
with the chemistry-transport model CLaMS, which 
incorporated a water vapour tagging technique to 
allow for source region attribution. The results 
showed that the transport of water vapour is domi-
nated by the transport pathways of air masses despite 
the expected freeze-drying on this pathway (Figure 
3.1-30). Further, it was found that, the ASM region is 
very efficient in transporting water vapour to the 
tropical stratosphere, despite a maximum contribu-
tion of only 14% to the water budget at 450 K. In 
comparison with the North American monsoon, the 
Asian monsoon is more efficient and more impactful 
regarding mass and water vapour transport to the 
tropics and Northern Hemisphere extra-tropical strat-
osphere. For transport to the latter, average peak 
contributions at 400 K of 29% versus 6.4% were 
found for the ASM region and the North American 
monsoon region, respectively. 
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Contributions to international initiatives and 
assessment reports 

Within the ESCiMo initiative, a national contribution to 
the IGAC/SPARC CCMI, CCM simulations have been 
planned by the MESSy Consortium with the CCM 
EMAC. The simulations carried out so far provided 
significant input in support of the 2018 WMO/UNEP 
Scientific Assessment of Ozone Depletion and the 
upcoming IPCC climate assessment. To meet the scien-
tific needs, the CCMI community, with active support 
from scientists of IPA, jointly defined reference and 
sensitivity simulations. The respective data sets were 
derived from several EMAC simulations and were pro-
vided on publicly available databases for coordinated 
scientific investigations. With contributions from IPA, 
155 simulations from 20 CCMs, including a range of 
sensitivity studies, were analysed. Among others, the 
impact of climate change on O3 recovery was exam-
ined. Furthermore, the return dates of the stratospheric 
O3 layer from depletion caused by anthropogenic 
stratospheric chlorine and bromine to its pristine level 
were estimated (Figure 3.1-31).  
 

 

Figure 3.1-31: Estimated multi-model mean return dates (red 

triangles) from the reference simulations for (a) total column 

ozone and (b) stratospheric column ozone for different 

regions. The estimated 1σ uncertainties are shown with 

vertical black lines. Estimates for individual models are 

shown with coloured dots. Some CCMs do not predict a 

return of column O3 in the tropics indicated by a dashed line. 

 

First rocket flight to study charged meteor smoke 
particles in the middle atmosphere  

MSPs in the middle atmosphere are of current interest 
because they have an impact on the gas and ion com-
position. Furthermore, MSPs may act as nuclei for the 
formation of water ice clouds in the mesosphere and 
aerosols in the stratosphere, which have an impact on 
O3 and climate. 

In order to investigate charged MSPs, a new rocket-
borne ion mass spectrometer ROMARA (Section 2.4.1) 
was launched on 13 April 2018 within the campaign 

PMWE1 from Andøya, Norway, during conditions of polar 
mesospheric winter echoes, a radar effect possibly related 
to MSPs. The instrument was operated in a measurement 
mode off maximum sensitivity for heavy ions. In this mode 
ions can be mass analysed up to m/z 2000 (mass/charge) 
and cumulatively detected above m/z 2000, up to about 
m/z 100000, albite with no mass resolution. 
 

 

Figure 3.1-32: ROMARA positive and negative ion mass 

spectra from 13 April 2018 at Andøya, Norway at 

around 70 km altitude. An 8 channel mean value was 

added for better visibility. Vertical, dashed lines mark 

predicted atmospheric ion mass numbers; falling edges 

in the spectra correspond to measured ions. 

 
Figure 3.1-32 shows a composite of all obtained 

mass spectra of positive and negative ions during the 
ascent of the rocket. Depicted is the total ion signal 
above a given m/z ratio running from 10 to 2000 m/z as 
a function of altitude. The positive ions detected include 
ions with masses below 100 u (e.g.NO+H2O, H+(H2O)3, 
H+(H2O)4), No heavy positive ions were detected above 
the detection limit of the instrument. The negative ions 
observed are mostly heavy ions with masses larger than 
2000 u, possibly negatively charged MSPs.  

3.1.4 Earth system model 
evaluation and analysis 

ESMs are important tools, not only to improve our 
understanding of present-day climate, but also to 
project climate change under different plausible future 
scenarios. For this, climate models have been continu-
ously improved and extended over the last decades 
from relatively simple atmosphere-only models to 
complex state-of-the-art ESMs participating in the 
latest (sixth) phase of the CMIP6, chaired by IPA. This 
increasing complexity of the models is needed to rep-
resent key feedbacks that affect climate change, but is 
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also likely to increase the inter-model spread of climate 
projections within the multi-model ensemble. In addi-
tion, high-resolution models have been developed with 
the ultimate goal to explicitly simulate small-scale cloud 
processes. Innovative and comprehensive model evalu-
ation and analysis approaches are needed to assess the 
performance of the increasingly complex and high 
resolution models in order to take model evaluation to 
the next level, as outlined in a Nature Climate Change 
paper (Eyring et al., 2019). In response to this need, 
IPA leads the development of the ESMValTool that 
makes use of new observational data sets and develops 
and applies new evaluation and analysis methods such 
as emergent constraints, machine learning based mod-
el weighting and causal discovery techniques, which 
are detailed in the following sections. 

Progress of extensive model development and 
improvement 

In a first systematic application of the ESMValTool (also 
Section 2.5.3) to assess and document the progress 
made during the extensive model development and 
improvement FP7 project EMBRACE, the performance of 
updated versions of four European ESMs was assessed in 
comparison to their predecessor versions used in CMIP5.  
 

 

Figure 3.1-33: 3-10-day band-pass-filtered June-July-

August-September precipitation variance for TRMM 

satellite data (0.25° × 0.25°) and T159, T255, and T511 

EC-Earth simulations (mm2 day-2) over Africa. 

 
The ESMValTool was applied to evaluate selected 
climate phenomena in the models against observa-
tions focusing on the South Asian and West African 
monsoons, the coupled equatorial climate, and 
Southern Ocean clouds and radiation, which are 
known to exhibit systematic biases in present-day 
ESMs. The tropical precipitation in three out of four 
models was shown to have clearly improved with 
reduced biases in the mean precipitation. Simulated 
cloud amounts and cloud-radiation interactions are 
also improved over the Southern Ocean and im-
provements are seen in the simulation of the South 

Asian monsoon and West African monsoon, although 
systematic biases remain in regional details and the 
timing of monsoon rainfall. Analysis of simulations 
with the model EC-Earth, at different horizontal reso-
lutions (Figure 3.1-33), shows that the synoptic-scale 
variability of precipitation over the South Asian mon-
soon and West African monsoon regions improves 
with higher horizontal model resolution. These results 
also suggest the reasonably good agreement of mod-
elled and observed mean West African and South 
Asian rainfall in lower resolution models may be a 
result of unrealistic intensity distributions. 

Advanced ESMValTool v2.0 

With the increasing data volume from CMIP5 to CMIP6, 
the ESMValTool has been further advanced facilitating 
analysis of many different ESM components, providing 
well-documented source code and scientific background 
of implemented diagnostics and metrics and allowing for 
traceability and reproducibility of results (provenance). 
This has been made possible by a lively and growing 
development community continuously improving the tool 
supported by multiple national and European projects. 

 

 

Figure 3.1-34: Schematic representation of ESMValTool 

v2.0 workflow. 

 
The latest version (2.0) of the ESMValTool has been 
developed as a large community effort to specifically 
target the increased data volume of CMIP6 and the 
related challenges posed by analysis and evaluation of 
output from multiple high-resolution and complex 
ESMs. For this, the core functionalities have been com-
pletely rewritten in order to take advantage of state-of-
the-art computational libraries and methods to allow for 
efficient and user-friendly data processing. Common 
operations on the input data such as regridding or com-
putation of multi-model statistics are now centralized in 
a highly optimized preprocessor written in Python. The 
ESMValTool v2.0, schematically shown in Figure 3.1-34, 
includes an extended set of large-scale diagnostics for 
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quasi-operational and comprehensive evaluation of 
ESMs, new diagnostics for extreme events, regional 
model and impact evaluation and analysis of ESMs, as 
well as diagnostics for emergent constraints and analysis 
of future projections from ESMs. 

New observational data sets for model evaluation 

The availability of new observational data sets such 
as the European Space Agency’s Climate Change 
Initiative (ESA CCI) data set opens up new possibili-
ties for evaluation of ESMs. The ESA CCI data set 
includes consistent, long-term time series of a num-
ber of essential climate variables obtained from har-
monized, reprocessed products from different satel-
lite instruments. The data allow including new varia-
bles in the calculation of performance metrics as 
summary statistics and add an important alternative 
data set in other cases where observations are al-
ready available. The uncertainty estimates available 
for the ESA CCI data sets on a per grid basis provide 
important additional information for a more objec-
tive evaluation of the models. 
 

 

Figure 3.1-35: Annual mean climatology of column-

average CO2 concentrations (2009–2014). Shown are 

deviations from the global annual mean (printed on 

the right side above each panel) for (left) the CMIP5 

multi-model mean and (right) ESA CCI satellite data. 

The CMIP5 results shown are from emission driven 

simulations for RCP8.5 scenario. 

 
As an example, Figure 3.1-35 shows the spatial 

distribution of column-average CO2 (XCO2) from 
emission driven CMIP5 model simulations and the 
data set ESA CCI greenhouse gases. Shown are devia-
tions from the climatological annual averages (2009-
2014). Over the continents, the ESA CCI data reveal 
many regional features such as lower XCO2 concen-
trations over the tropical rain forests and the boreal 
forests in the northern high latitudes. Higher than 
global average values are found particularly in the 
Northern Hemisphere over the United States, Europe, 
Middle East, India, and China. These basic spatial 
features are reproduced by the CMIP5 multi-model 
mean, but the annual average XCO2 values are over-
estimated by about 8-12 ppm by the models com-
pared with the satellite data, which could point to 
slightly too weak carbon sinks in some models. 

Emergent constraints 

Large uncertainties still exist in multi-model climate 
model projections. The method of emergent constraint 
uses a relationship across an ensemble of models be-
tween some aspect of an unobservable Earth system 
sensitivity and an observable trend or variation in the 
current climate. This offers the possibility to reduce 
these uncertainties. It can also help guiding model 
development onto processes crucial to the magnitude 
and spread of future climate change and to point out 
future observational priorities. 

In the Nature paper Wenzel et al. (2016) it was 
shown that observed changes in the amplitude of the 
atmospheric CO2 seasonal cycle can be used as an 
emergent constraint on large-scale CO2 fertilization of 
the gross primary productivity (GPP) (Figure 3.1-36).  
 

 

Figure 3.1-36: (a) Correlations between the sensitivity of 

the CO2 amplitude to annual mean CO2 increases at an 

Alaska site (x axis) vs. high-latitude (60°N-90°N) CO2 

fertilization on GPP at 2×CO2. The grey shading shows the 

range of the observed sensitivity, the red line the linear 

best fit across the CMIP5 ensemble together with the 

prediction error (orange). Error bars show the standard 

deviation for each data point. (b) Probability density 

histogram for the unconstrained CO2 fertilization on GPP 

(black) and the conditional probability density function 

arising from the emergent constraint (red). 

 
While climate–carbon cycle models generally agree 

that elevated atmospheric CO2 concentrations will 
enhance terrestrial GPP, the magnitude of this CO2 
fertilization effect shows a large inter-model spread. 
These uncertainties in the response of vegetation to 
rising atmospheric CO2 concentrations contribute to 
the large spread in projections of future climate 
change. Observational data can narrow the estimates 
for the GPP increase under a doubling of atmospheric 
CO2 concentrations to 37 ± 9% for high-latitude eco-
systems and 32 ± 9% for extratropical ecosystems. 

Weighting of multi-model projections 

Weighting of multi-model projections has the potential 
to narrow uncertainties in climate model projections by 
moving beyond ‘model democracy’, i.e. not treating all 
models as equally likely to be true. As one method, 
multiple diagnostic ensemble regression (MDER) can be 
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used to produce model weights by calculating the re-
gression of historical diagnostics and a future parameter 
from ESM simulations. The model weights are then used 
to obtain a weighted multi-model mean with a reduced 
model uncertainty compared with the unweighted mul-
ti-model mean. MDER-calculated model weights can 
reduce the model uncertainty in CMIP5 projections of 
the Arctic sea ice extent by 30 to 50% (Figure 3.1-37). 
Compared to the unweighted multi-model mean, MDER 
results in an earlier year of near-disappearance of Arctic 
sea ice by more than a decade for the RCP8.5 scenario. 
 

 

Figure 3.1-37: Total uncertainty in sea ice projections sepa-

rated into the components internal variability (orange), 

model uncertainty (blue) and scenario uncertainty (green) 

estimated from 29 CMIP5 models (RCP4.5 and RCP8.5). 

Panels a and b show time series (1979-2100) of the uncer-

tainties from unweighted and from MDER-weighted pro-

jections of sea ice anomalies, respectively. The grey shad-

ing shows the total uncertainty of the historical simula-

tions, observations from the National Snow and Ice Data 

Center (NSIDC) are shown as black lines. 

 
A disadvantage of MDER is that it is linear and does 

not make use of the full space-time information. Ma-
chine learning techniques such as the GBRT provide 
powerful alternatives that can also take into account 
observational uncertainties. Combined with an emer-
gent constraint on the CO2 fertilization effect, it was 
possible to reduce the uncertainty range for global GPP 
in the RCP8.5 scenario at the end of the century 
(2091-2100) to 171 ± 12 GtC yr-1 compared to the 
unweighted CMIP5 model range of 156–247 GtC yr-1. 
An out-of-sample validation (using a “pseudo-reality” 
setup) shows similar results (uncertainty reduction of 
53%) on gridded GPP, which supports these findings.  

Causal model evaluation 

Multi-model evaluation and intercomparison are often 
based on the mean and variance of aggregate quantities 
such as temperature or on spectral properties and (auto-) 
correlation measures. One issue with such metrics is that 
models can be right for the wrong reasons due to offset-
ting biases. In the Nature Communications study by 
Nowack et al. (2020) with IPA contributions, a novel 
approach is introduced - causal model evaluation, which 
is based on recently developed causal discovery methods 
adapted for applications to climate data. This method is 
applied to evaluate the ability of CMIP5 models to simu-

late atmospheric dynamical interactions, which are classi-
cally measured as lagged correlations between climate 
variables at remote locations. Causal discovery algorithms 
go beyond correlation-based measures by systematically 
excluding common driver effects and indirect links. For 
the first time data-driven causal discovery algorithms are 
applied to identify unique causal fingerprints characteriz-
ing atmospheric dynamical interactions in dimension-
reduced sea level pressure data from meteorological 
reanalyses and simulations from CMIP5. Based on the 
data set-specific fingerprints, this approach offers a novel 
and objective pathway for process-oriented model evalu-
ation and for the identification of model interdependen-
cies in a multi-model ensemble (Figure 3.1-38).  
 

 

Figure 3.1-38: Scatter plots showing the individual network 

comparison score, with the HadGEM2-ES model taken as 

reference. F1 is a score that varies between 0 and 1 (perfect 

network match). Black crosses (red for reference) mark 

average results, grey dashed lines the average score ex-

cluding the reference itself. Causal model evaluation de-

tects similarities between certain model groups. 

 
In addition, it can be shown that models with great-

er skill of representing observed causal fingerprints also 
better reproduce important precipitation patterns over 
highly populated areas such as the Indian subcontinent, 
Africa, East Asia, Europe and North America. These new 
metrics provide stronger emergent relationships for 
constraining future precipitation changes as compared 
to traditional model evaluation metrics for storm tracks 
or precipitation itself, thus highlighting the potential to 
constrain longstanding uncertainties in precipitation and 
other climate change projections. 

Evaluation of high-resolution simulations 

Within the HD(CP)2 project, IPA participated in the evalua-
tion of the high resolution model ICON-LEM (resolution 
150 m). The focus was on the evaluation of the cirrus 
cloudiness regarding ice water path, cirrus cover and CTH. 
The model simulations were compared to products based 
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on MSG-SEVIRI satellite data using the CiPS algorithm 
(also Section 2.3). High cloudiness in general and in con-
nection with high reaching convection was analysed. 
Recently ICON has been used for high resolution (~3 km) 
global simulations with the aim of building a high resolu-
tion climate model. At this resolution the model is able to 
resolve the major dynamical systems including convection. 
However, cloud microphysical processes still require pa-
rameterisations even at this high resolution. Within the 
project ‘monsoon’ the focus of IPA is to evaluate the 
performance of high resolution models and in particular 
of ICON-SRM regarding ice cloud properties. 
 

 

Figure 3.1-39: Schematic of the CMIP6 experiment design. 

The inner ring and surrounding white text involve standard-

ized functions of all CMIP DECK experiments and the histor-

ical simulation. The middle ring shows science topics ad-

dressed by CMIP6-Endorsed Model Intercomparison Projects 

(MIPs), with the MIP topics shown in the outer ring. 

 

CMIP6 

Over the reporting period, IPA was Chair of the CMIP 
Panel, a sub-panel of the Working Group on Coupled 
Modelling of the World Climate Research Programme. As 
part of this, IPA led the definition of the CMIP6 design 
that includes a handful of common experiments (DECK 
and historical simulations) that provide the opportunity 
for sophisticated characterization of the model ensemble, 
and a variety of CMIP6-Endorsed Model Intercomparison 
Projects (MIPs) (Figure 3.1-39). The objective of CMIP is to 
better understand past, present and future climate 
change arising from natural, unforced variability or in 
response to changes in RFs in a multi-model context. 
CMIP6 with its endorsed MIPs specifically addresses three 
broad questions: (i) How does the Earth system respond 
to forcing?; (ii) What are the origins and consequences of 
systematic model biases?; and (iii) How can future cli-
mate changes be assessed given internal climate variabil-
ity, predictability and uncertainties in scenarios? 

 

Figure 3.1-40: Time series of annual and global mean 

surface temperature anomalies using 1850-1900 as refer-

ence period (grey shaded area). The thin lines show indi-

vidual CMIP6 historical simulations, the thick red line the 

multi-model mean. The observational data (thick black 

line) are the Hadley Centre/Climatic Research Unit grid-

ded surface temperature data set version 4. 

 
Tools such as the ESMValTool are available for rou-

tine evaluation for the first time in CMIP and provide a 
more systematic, open and comprehensive performance 
assessment on much faster timescales than in previous 
phases of CMIP. This is an important contribution to 
improve our understanding of present-day climate, 
reduce uncertainties in future climate projections and 
support model development. As an example for CMIP6 
evaluation with the ESMValTool also supporting the 
IPCC Sixth Assessment Report, Figure 3.1-40 shows 
simulated surface temperature anomalies compared 
with observations. The overall warming trend is quite 
well reproduced by the CMIP6 multi-model mean, alt-
hough the inter-model spread is large. The reduced 
warming after 1950 because of a higher aerosol ERF 
and the high warming rates in the latest part of the 20th 
century reflected in a high climate sensitivity show up as 
open issues for some models.  

Conclusions 

A key component to all of these successful contribu-
tions to answer important open science questions on 
Earth Observation and Atmospheric Research is the 
strong and smooth collaboration among all the differ-
ent research groups at IPA. To do so, IPA utilizes new 
measurement systems, better diagnostic methods and 
improvements in numerical modelling. It is noteworthy 
that particularly the very good collaboration between 
measurement and modelling teams together with the 
excellent partnerships with many other national and 
international institutions and groups have been very 
fruitful. This basis allows IPA to actively contribute to 
and lead exciting scientific programs and projects, 
including big measurement campaigns, satellite pro-
grammes and modelling initiatives. The huge number 
of publications in peer-reviewed journals confirms the 
high quality of science conducted at IPA. 
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3.2 Aeronautics research 

 
 
IPA performs aeronautics research in a unique multidis-
ciplinary approach to tackle scientific challenges in aero-
nautics related to climate and weather research. A par-
ticular strength of IPA is the synergetic development of 
experimental and modelling techniques (Section 2) from 
the process level to the global scale to answer major 
research questions on the reduction of the climate im-
pact of aviation and the increase of aviation safety (also 
Section 4.5). This worldwide leading expertise is docu-
mented by two high ranking publications in the field of 
aeronautics, namely reduction of particle emissions and 
contrail cover by biofuels (Moore et al., Nature, 2017) 
and the assessment of the climate impact from contrail 
cirrus (Kärcher, Nature Communications, 2018). In addi-
tion, more than 120 publications in peer reviewed jour-
nals provide a sound scientific base for IPA’s strategic 
goal to scientifically support the development of sus-
tainable aircraft concepts and to evaluate mitigation 
measures for future eco-efficient aviation. International 
prizes such as the HRJ Reid Award, two NASA group 
achievement awards for NASA-DLR cooperations and 
the EREA Award were achieved in this field. 

IPA’s safety research features transitions from basic 
research into routine (thunderstorms) and emergency 
procedures (volcanic ash) of air navigation service 
providers and weather services and comprises award 
winning methods for the mitigation of wake turbu-
lence encounter risks. With its activities IPA addresses 
the challenges identified by the ACARE 2020 and 
Flightpath 2050 strategic research agendas: (i) main-
taining and extending industrial leadership (break-

through technology); (ii) protecting the environment 
and energy supply (environment and climate); and (iii) 
ensuring safety and security (reliable air transport).  

IPA’s innovative research on the climate impact of 
aviation is presented in Section 3.2.1 while Section 
3.2.2 focusses on the advances in aviation weather and 
safety research. 

3.2.1 Climate impact of aviation 

Aviation at present contributes around 5% to the total 
anthropogenic RF, i.e. the change of the energy budget 
of the atmosphere due to a perturbation. While the 
climate impact from the aircraft’s CO2 effects is largely 
understood and their reduction measures come in line 
with the economic benefit to reduce fuel consumption, 
substantial progress has been achieved at IPA in the last 
five years in understanding the physical and chemical 
processes underlying aviation’s non-CO2 effects. These 
novel results have enabled an update of the magnitude 
of the individual forcing components (Figure 3.2-1) and 
hence allow for advanced advice on mitigation scenari-
os: The contrail cirrus RF calculated with an advanced 
climate model with a two moment contrail cirrus cloud 
scheme is now seen as the largest single component 
contribution from aviation to the total anthropogenic 
RF. The short life time of contrail cirrus of hours thereby 
offers a fast and efficient reduction potential. 
 

 

Figure 3.2-1: Contributions of the individual compo-

nents to the RF from aviation. Figure is based on Lee et 

al. (20099; L09), and Grewe et al. (2017; G17), with adap-

tation for contrail cirrus based on Bock and Burkhardt 

(2019; B19), NOx based on Grewe et al. (2019) (hatched; 

G19), and parameter span of aerosol effects on low 

clouds by Righi et al. (201310; R13) 

 

                                                           
9 Lee, D.S. et al., 2009: Aviation and global climate change in the 21st 

century, Atmospheric Environment, 43(22–23), 3520-3537. 
10 Righi, M. et al., 2013: The global impact of the transport sectors on 

atmospheric aerosol: simulations for year 2000 emissions, Atmos. 
Chem. Phys., 13, 9939–9970. 

Key achievements: 

• Novel assessment indicates a larger radiative 
forcing of contrail cirrus than that of CO2 
emissions from aviation 

• First airborne measurements and model results 
show that low aromatic biofuels strongly 
reduce particle emissions, contrail cover and 
the aviation’s climate impact  

• Routing options and aircraft technologies 
can now be assessed with newly developed 
climate impact assessment platforms 

• Plate lines installed at Vienna airport reduce 
lifetime of long-lived wake vortices by ~30%  

• Hybrid simulations access the interaction of 
transient atmospheric effects and flow 
around aircraft geometry 

• Thunderstorm likelihood forecasts up to six 
hours were tested at EUROCONTROL Maastricht
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The reassessment of the aviation RF from nitrogen 
oxides NOx, not only including feedbacks from CH4 on 
O3 and SWV, but also significantly revising the calcula-
tion method reveals NOx as important contributor to 
aviation RF, besides contrail cirrus and CO2.  

Water vapour and direct aerosol emissions from 
aviation have a minor direct impact on RF. However, 
the impact of the emitted aerosols on natural clouds, 
both by changing their properties or seeding new 
clouds is highly uncertain and has the potential to 
largely affect total aviation RF. First model-based 
estimates of these aerosol interactions with low 
clouds largely depend on the properties of aerosols 
processed in the exhaust. An even larger uncertainty 
is associated with the effect of aircraft-emitted aero-
sols on natural cirrus clouds, potentially inducing a 
cooling effect. IPA has set up a strategy to address 
these effects by measurements and modelling activi-
ties to gain a better process understanding (Section 
4.5). Understanding the magnitude of the individual 
contributions to the climate impact from aviation is a 
key aspect for assessing impact reduction strategies. 
It further forms the basis for climate metrics, which 
weight the individual aviation components in relation 
to the selected political objective.  

The next sections show the institute’s advances in 
research on contrail processes, ice nucleation, micro-
physics, growth, spreading and climate impact, as well 
as in quantifying NOx effects on climate and aerosol 
effects on clouds. The second part of this section fo-
cusses on the mitigation of the aviation’s climate im-
pact by long- and short-term measures including the 
reduction of contrail cover by widespread implementa-
tion of alternative fuels, novel aircraft/engine concepts 
and flight rerouting.  

Contrail processes in the vortex phase 
The contrail lifecycle is characterised by the jet phase 
(seconds), vortex phase (minutes) and dispersion 
phase (hours). In the vortex phase, in first minutes 
after formation, the contrail evolution is strongly 
affected by the downward-propagating wake vortex 
pair. This can lead to a substantial increase in contrail 
depth, but on the other hand, adiabatic heating may 
result in ice crystal loss. Both processes have a long-
lasting impact on contrail cirrus properties. High-
resolution LES with fully coupled Lagrangian ice mi-
crophysics have been performed to explore the large 
parameter space that affects these contrail processes 
(Figure 3.2-2). Based on a large data set of LES, a 
parametrisation for contrail depth and ice crystal loss 
after vortex break-up has been designed. Due to its 
simple analytic form, the parametrisation can be 
incorporated in larger-scale models where it replaces 
present-day contrail initialisation that often rely on 
ad-hoc assumptions. 

 

Figure 3.2-2: Ice crystal concentrations in a contrail during 

the vortex phase. Left: LES simulation. Right: in-situ meas-

urement of a profile with a differentiation between pure 

ice crystals (blue) and ice crystals with a soot kernel (grey). 

Both indicate an area with ice crystal losses (arrows). 

 
In In-situ measurements of ice crystal number con-

centrations (Section 2.4) in contrails of the DLR ATRA 
Airbus A320 were used to experimentally determine 
the ice crystal loss in the vortex phase. From these 
observations, the dilution-independent particle number 
EI were derived (Figure 3.2-2). The ice emission index 
EIice was found to decrease with decreasing altitude 
below the flight level, as theoretically explained by ice 
sublimation due to adiabatically heating of the de-
scending vortex. Observations in the secondary wake 
at the flight level of the source aircraft show that ice 
nucleates on 80 to 90% of the emitted soot particles 
and provide first experimental evidence that ice nuclea-
tion is controlled by the soot number emissions at 
emission levels of the current aircraft fleet ( >1014 soot 
particles per kg of fuel).  

Transition to contrail cirrus 

In an ice-supersaturated environment, contrails spread 
out into contrail cirrus, which more strongly interact 
with solar and terrestrial radiation, in sum warming the 
atmosphere. Separating the properties from contrail 
cirrus and natural cirrus in observations is a challenge. 
Therefore, contrail cirrus in different development 
stages were extensively probed with in-situ and remote 
sensing instrumentation on the research aircraft HALO 
during the ML-CIRRUS campaign. Figure 3.2-3 shows 
the first page of the BAMS overview on ML-CIRRUS 
(EREA award 2018). Contrail cirrus was differentiated 
from natural cirrus using observations of NOx and 
aerosols as indicators for aircraft plumes. The results 
show that initially high ice crystal number concentra-
tions in young contrail influence ice numbers in the 
later vortex and dissipation phases, hence aged contrail 
cirrus still have different properties compared to natu-
ral cirrus evolving in the same ambient environment. 
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The optically thicker contrail cirrus exhibits a larger 
extinction and therefore has a different impact on 
climate per unit IWC than natural cirrus. 
 

 

Figure 3.2-3: First page of the award winning BAMS 

article on the HALO ML-CIRRUS campaign and ice parti-

cle size distribution of aged contrail cirrus and natural 

cirrus measured with the in-situ cloud instrumentation. 

 

Contrail cirrus database 

A contrail library (COLI) was developed, which includes 
data on contrail properties detected during measure-
ment campaigns by 23 projects. Figure 3.2-4 shows ice 
crystal number concentrations in contrail versus contrail 
age and its dilution by mixing with ambient air. The 
observations were used to validate the contrail cirrus 
model CoCiP, which simulates contrail cirrus from indi-
vidual flights in global aviation. CoCiP also strongly 
supported the planning of a suite of measurement cam-
paigns. For example during ML-CIRRUS, CoCiP predic-
tions driven with ECMWF forecasts successfully guided 
HALO into contrail cirrus outbreak situations.  
 

 

Figure 3.2-4: Number concentration of ice particles in 

individual contrails at contrail ages of 1s to 8h from a 

set of in-situ and remote sensing measurements (col-

oured symbols) collected into a Contrail Library com-

pared with CoCiP model results (grey band with white 

lines for median and 10/90% percentiles). 

Using satellite observations to derive radiative 
properties of contrail cirrus  

Under favourable conditions contrails can live for sev-
eral hours and spread in such a way that they become 
visible in Meteosat satellite images. In the course of 
one year, 2300 preferentially optically thick contrails 
were detected in the Northern Hemisphere and tracked 
in Meteosat data to capture their temporal evolution. 
These contrails had a mean optical thickness of 0.34 
and a mean observed lifetime of 1 hour. The total life 
time of the detected contrails was estimated to be 3.7 
hours with a standard deviation of about 2.8 hours by 
using an estimate for the initial contrail spreading 
velocity and other statistical assumptions.  

 

 

Figure 3.2-5: Meteosat high resolution false colour 

composite for 10:05 UTC on 10 April 2014 with contrails 

(yellow) and the contour of the contrail cluster (pink). 

 
Long-lived contrails can spread to form a contrail 

cirrus cluster (Figure 3.2-5) and induce enhanced high 
cirrus cover. During ML-CIRRUS, a thin cirrus cloud was 
probed by HALO on 10 April 2014. The geostationary 
Meteosat satellite and simulations with CoCiP revealed 
that this cloud originated from a contrail cluster form-
ing early in the morning of the same day. Thus, the 
contrail cluster properties were studied for more than 6 
hours with a synergy of airborne, space-based and 
model data. The particle size distribution in the after-
noon still indicated many small 10 μm sized ice crystals, 
although contrails were no longer visible. The net 
radiative effect of the cluster derived from radiative 
transfer calculations based on the satellite data was 
positive (warming) in the early morning and late after-
noon, but it was negative (cooling) at noon. 

Climate impact of contrail cirrus 

The global modelling capabilities have been signifi-
cantly enhanced to enable an estimate of the climate 
impact of contrail cirrus. The contrail cirrus parame-
terization within the ECHAM5 climate model was 

MET-9 EUMETSAT-DLR 
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improved adding a two-moment microphysical 
scheme that allows a more detailed representation of 
the microphysical processes, in particular deposition 
of water vapour on ice crystals, their growth, sedi-
mentation, and spreading. Using the AEDT air traffic 
inventory, and prescribing initial ice crystal numbers 
inferred from observations, the global distribution of 
the properties of young contrails and aged contrail 
cirrus has been simulated. The newer model version 
leads to a better representation of contrail cirrus life 
times and optical depth, leading to a better agree-
ment with observations. The RF of contrail cirrus for 
air traffic of the year 2006 amounts to 56 mW m-2 in 
good agreement with earlier estimates. The contrail 
cirrus climate impact is caused mainly by a small 
number of contrail cirrus outbreaks that are connect-
ed with large scale ice-supersaturated areas, which 
are particularly common in summer. 
 

 

Figure 3.2-6: Contrail cirrus RF for air traffic and climate 

of the year 2050 when leaving fuel consumption and 

soot number emissions at 2006 levels. 

 
Simulations for a future air traffic inventory repre-

sentative for the year 2050, which describes a 4-fold 
increase in air traffic, leads to a global contrail cirrus RF of 
159 mW m-2 (Figure 3.2-6), a tripling of the value for the 
year 2006. Absolute increases in air traffic and the con-
trail cirrus RF are largest over the USA and Europe, but 
the relative increase is smallest due to saturation effects. 
According to the simulations, the changing climate has 
no significant impact on the global contrail cirrus RF even 
though locally changes can be found.  

NOx emissions and the impact on O3, CH4 and 
stratospheric water vapour 

The capabilities in modelling and diagnosing the 
contribution of aviation NOx emissions to the atmos-
pheric composition were significantly advanced by a 
Lagrangian framework including detailed contribution 
diagnostics and the differentiation of chemical re-
gimes. Figure 3.2-7 shows the increase in the contri-
bution of a NOx pulse emission to O3 and the respec-
tive decrease in CH4. An analysis of the chemical 
reaction rates reveals that in the first fifteen days, a 
shift in the HOx budget towards OH due to reactions 

with NOx leads to CH4 depletion, whereas afterwards, 
the photolysis of aviation (O3) yields OH production, 
and in turn to a depletion in CH4. 
 

 

Figure 3.2-7: Contribution of a NOx pulse emission to 

the atmospheric composition of NOx (red), O3 (blue) 

and CH4 (green). 

 
The strength of the individual chemical processes in 

both the production in O3 and the depletion of CH4 is 
largely determined by where the NOx is emitted and 
where it is transported to. A detailed analysis of several 
hundred air parcel trajectories revealed that NOx emit-
ted inside of mid-latitude high pressure systems will 
more effectively lead to an O3 contribution from air 
traffic emissions, because the air parcels are faster 
transported to lower latitudes and altitudes, where 
they experience more O3 production. A systematic 
relation between meteorology at the time of emission 
and the contribution of aviation NOx emissions to O3 
and CH4 was found and quantified with functional 
relationships.  
 

 

Figure 3.2-8: Estimates of the contribution of aviation NOx 

emissions to RF for the year 2005. Starting point is the Lee 

et al. 200911 estimate (second column) and each column 

adds revisions, including updates due to additional pro-

cesses (primary mode ozone - PMO, SWV), CH4 RF calcula-

tions and avoiding two major short-comings. 

 
In total, the RF of aviation NOx emissions is hence a 

sum of positive and negative contributions and leads to 
about 27 mW/m2 for the year 2005 and therefore 
gaining importance compared to previous estimates 

                                                           
11 Lee, D.S. et al., 2009: Aviation and global climate change in the 21st 

century, Atmospheric Environment, 43(22–23), 3520-3537. 
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(Figure 3.2-8). It includes the direct O3 (warming) and 
CH4 (cooling) effect, as well as a negative feedback 
from CH4 to O3, which is called “primary mode 
ozone”, and a reduction in SWV caused by the reduc-
tion of CH4. It also takes into account a better repre-
sentation of shortwave radiation effects on the CH4 RF 
calculation, as well as two major shortcomings in pre-
vious assessments by avoiding an implicit steady-state 
assumption for CH4 and a misleading experimental set-
up, which largely underestimates the contribution of 
aviation NOx emissions to the O3 concentration. 
 

 

Figure 3.2-9: Temperature dependence of particle linear 

depolarization ratio (PLDR) in 1-K temperature bins. 

Shadings give the envelope of median curves for indi-

vidual mission flights for the two categories, PLDR high 

and PLDR low. 

 

First hints for soot effects on natural cirrus 

In addition to NOx, soot particles emitted from aviation 
might alter the formation and properties of naturally 
formed ice clouds and thereby affect the atmospheric 
radiation budget. However observational studies proving 
this effect were missing so far. During the ML-CIRRUS 
campaign, polarization sensitive airborne lidar measure-
ments were used to show that ice clouds can be classi-
fied in two categories (Figure 3.2-9): those with high 
values of the depolarization ratio (median > 0.45) and 
those with low values (median < 0.4). The temperature 
dependence of the depolarization ratio shows a negative 
trend with increasing temperatures. In addition, the 
offset in the depolarization ratio between the two cloud 
types is present in the entire temperature range and is 
not resulting from differences in meteorological condi-
tions or a direct impact from contrails. The origin of the 
air masses was examined by 24-hours backward trajec-
tories calculated by using horizontal wind and diabatic 
heating rates for horizontal and vertical transport, re-
spectively. The backward trajectories show that cirrus 
clouds with high depolarization ratio were formed in 
very busy air traffic corridors. In contrast, cirrus clouds 
with lower depolarization ratio were formed in areas 

with substantially lower emissions. The analysis provides 
first observational hints that civil aviation can alter the 
formation and properties of naturally formed ice clouds. 
This finding will be subject to further analysis in future 
aircraft campaigns.  

Aerosol effects on low clouds 

Global simulations with the aerosol model EMAC-
MADE (Section 2.5) have been performed to quantify 
the impact of aviation emissions on global atmospheric 
aerosol and climate in 2030. Emissions of short-lived 
gas and aerosol species from the four representative 
concentration pathways (RCPs) have been used as 
input to the model. The results have been compared 
with the findings of a previous study with the same 
model configuration focusing on year 2000 emissions. 
 

 

Figure 3.2-10: Global mean all-sky RF resulting from 

aviation emissions in the year 2000 (grey bar) and for 

the four RCP scenarios in 2030 (coloured bars). The 

hatched part of each bar is the corresponding clear-sky 

forcing, calculated neglecting the radiative effects of 

clouds. The numerical values of the all-sky (clear-sky) 

forcing are shown on top of each bar in mW m−2. 

 
In spite of a relevant increase in aviation traffic vol-

ume and resulting emissions of black carbon (BC) 
aerosol and aerosol precursor species (NOx and SO2), 
the aviation effect on particle mass concentration in 
2030 was found to remain quite negligible (on the 
order of a few ng m-3), about 1 order of magnitude 
less than the increase in concentration due to other 
emission sources. Due to the relatively small size of the 
aviation-induced aerosol, however, a statistically signif-
icant increase in future particle number concentration 
is simulated in all scenarios (about 1000 cm-3), mostly 
affecting the northern mid-latitudes at typical flight 
altitudes of 7 to 12 km. This largely contributes to the 
overall change in particle number concentration be-
tween 2000 and 2030. This results in significant cli-
mate effects due to aerosol-cloud interactions.  
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The simulations further show that aviation is the only 
transport sector for which a larger impact on the Earth’s 
radiation budget is expected in the future: the RF due to 
interaction of aviation aerosol and clouds (aviation-
induced RF) in 2030 is more than doubled with respect to 
the year 2000 value in all scenarios, with a dominant 
contribution by aerosol-induced perturbations to low 
clouds. Hence this is potentially an important process that 
offsets warming effects from CO2, contrails and NOx.  

Metrics for climate impact assessments 

Finding an adequate comparison metric for the various 
components contributing to aviation climate impact 
remains an important task. The overall climate objective, 
e.g. the contribution of a regarded mitigation option to 
achieving the goals of the Paris Agreement until the end 
of the century, determines which climate metric and 
time horizon to use. Under a given climate objective, 
which is a political choice, the options for selecting a 
climate metric is limited. One key aspect in such a com-
parison metric is the lifetime of the regarded climate 
forcer. Another requirement when mitigating one im-
pact component at the expense of another, e.g. avoid-
ing contrail cirrus by flight rerouting, is to account for 
different efficacies of individual impact components in 
forcing surface temperature change. This necessity may 
become expendable as soon as all impact contributions 
can be described by ERF. 
 

 

Figure 3.2-11: ERF (right) is substantially reduced with 

respect to stratosphere-adjusted RF for contrail cirrus. A 

complete analysis of rapid radiative adjustments reveals 

natural cloud adjustment as the key factor for the differ-

ence. In the basic climate model simulation a 2050 aviation 

inventory scaled by a factor 12 has been used in order to 

yield sufficient statistical robustness in the analysis. 

 
During the last decade, the concept of ERF has 

been developed, and is now regarded as an appropri-
ate metric to assess the relative importance of various 

climate impact components. However, the signal-to-
noise ratio in determining the ERF is much lower com-
pared to conventional RFs, which makes this concept 
difficult to apply for small aviation perturbations. All 
the more it is remarkable that the successful imple-
mentation of this concept was achieved for contrail 
cirrus even including the possibility to attribute differ-
ences between forcing efficacies to individual process-
es through a complete analysis of feedbacks. Eventual-
ly, this enables a comparison of contrail cirrus and CO2 
aviation climate impacts. 

Climate model simulations based on the new con-
trail parameterization indicate that contrail cirrus ERF is 
only about 35% of its conventional radiative forcing. 
The low ERF suggests a relatively weak efficacy of 
contrail cirrus to induce surface temperature changes, 
which confirms evidence established by previous IPA 
research on line-shaped contrails. The main reason of 
the ERF reduction for contrail cirrus is a compensating 
effect of natural clouds that provide a negative feed-
back (Figure 3.2-11). Also in terms of ERF, contrail 
cirrus provides a major individual contribution to avia-
tion ERF. 

Mitigation concepts 

Mitigation concepts of the climate impact from avia-
tion have been discussed in an article in the high im-
pact journal Nature Communications by Kärcher (2018) 
and include new technologies, e.g. new and more 
efficient aircraft designs, alternative fuels, operational 
and economic measures.  
 

 

Figure 3.2-12: Schematic of options to mitigate the 

climate effect of aircraft-induced clouds. 

 
Mitigation options addressing contrails and contrail 

cirrus avoidance can broadly be categorised into short-
term (relating to several years) and long-term (many 
decades) solutions (Figure 3.2-12). Long-term options 
are further distinguished as drop-in (easily replaceable) 
and non-drop-in approaches. Short-term options - pure 
alternative fuels and lean combustion technology - lower 
soot particle emissions and promise rapid mitigation 
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provided emission levels can be significantly reduced. 
Substantial reduction of soot particle emissions along 
with desulphurisation of jet fuel is a root level solution to 
curb contrail cirrus effects including potential indirect 
aviation aerosol effects on natural clouds. 

 

Figure 3.2-13: Changes in contrail optical depth 1 s past 

formation resulting from changes in aircraft soot emis-

sions and exhaust plume supersaturation. Grey shading 

indicates the (conservative) range of soot number EI for 

the current fleet. Magenta line: reduced exhaust plume 

mixing slope; Cyan: Reduced mean size of emitted soot 

particles. 

 
A model study (Figure 3.2-13) shows for current soot 

emission levels that the optical depth of young contrails 
can be substantially reduced when lowering soot particle 
numbers at least ten-fold, regardless of cruise level 
temperature. Other possibilities to reduce optical depth 
involve reducing the exhaust plume mixing line slope 
(magenta) or the mean size of emitted soot particles 
(cyan). The underlying, close relationship between soot 
emissions and nucleated ice numbers has been con-
firmed by in-situ measurements. In the following sec-
tions results on research of climate impact mitigation by 
low aromatic biofuels and synthetic fuels, lean combus-
tion, eco-efficient air traffic routing avoiding contrails 
and future aircraft concepts are shown. 

Reduced soot emissions and contrail cloudiness 
by alternative aircraft fuels 

The potential of biofuels to reduce soot particle emis-
sions at cruise altitudes has been tested in various flight 
campaigns. Emission indices of non-volatile particle 
numbers were measured behind the NASA DC-8 during 
the joint DLR/NASA ACCESSII campaign and behind the 
DLR ATRA during the Emissions and Climate Impact of 
Alternative Fuels ECLIF1 and ECLIF2/NDMAX campaigns 
for different jet fuels with various chemical properties.  

Results published in the high impact journal Nature 
by Moore et al. (2017) show a significant 50 to 70% 
reduction in non-volatile particle number emissions and 
smaller soot particle sizes in hydro-treated ester and 
fatty acid HEFA biofuel blends (Figure 3.2-14) com-
pared to conventional jet A1 fuel. 

 

Figure 3.2-14: Particle number size distribution of non-

volatile particles for blends of biofuel (green) and con-

ventional kerosene (black). Non-volatile particles are 50 

to 70% reduced for the biofuel blend. 

 
During various ECLIF campaigns more than 1000 

individual crossings of the DLR ATRA exhaust plume 
were probed at different engine and flight conditions 
with the instrumentation described in Section 2.4. 
Soot emissions were found to correlate not only with 
the fuel aromatics content, but also with its chemical 
structure. Increasing the fuel hydrogen content by 
reducing its content of aromatics, mainly polycyclic 
aromatics, helps to reduce soot particle emissions 
even stronger (Figure 3.2-15). 
 

 

Figure 3.2-15: Reductions in soot particle number EI with 

increasing fuel hydrogen content. 

 
Global simulations show that the global RF due to 

contrail cirrus correlates with the number of nucleated 
ice particles. Hence, reducing ice particle numbers in 
contrails presents a fast acting measure to decouple - 
at least to some extent - the RF of global aviation from 
its growth.  
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Figure 3.2-16: Reduction in soot and ice particle num-

bers in contrails forming on alternative jet fuels (SAJF) 

normalized to Jet A1 reference fuel. 

 
Worldwide unique results from contrail measure-

ments from the various ECLIF campaigns show that 
contrails forming from low aromatic synthetic (SSJF1) 
and sustainable alternative biofuel (SAJF1 & 2) blends 
with 8 to 15% aromatic content contain 50 % reduced 
ice crystal numbers and EIice (Figure 3.2-16) compared to 
conventional kerosene. Reducing the fuel’s polycyclic 
aromatic content increases the reductions to 70%. For 
the probed conditions the major fraction of soot was 
activated into ice particles. Future work will test the 
effects of novel hydro-treated designer fuels co-
optimized with modern engine and combustor systems 
on soot emissions, contrail formation and climate. 

 

 

Figure 3.2-17: Dependence of contrail cirrus RF from the 

initial ice crystal number. Both RF and ice crystal num-

bers are normalized using the respective values for 

today’s air traffic. 
 

Reduced contrail cirrus climate impact by biofuels 

The impact of the reduction in soot and ice number 
emissions when using alternative fuels on contrail life 
cycle and RF was estimated using the ECHAM5 model 
including the contrail cirrus scheme. To this end, ice 
crystal number concentrations were prescribed as 

inferred from observations and reductions of 50 to 
90% were investigated. These unique global model 
results indicate that the optical depth as well as the life 
time of contrail cirrus is substantially reduced for re-
duced initial ice number concentrations (Figure 3.2-17) 
leading to lower contrail cirrus RF (Burkhardt et al., 
Nature partner journal “Climate and Atmospheric 
Science”, 2018). 

Hence the combination of in-situ measurements 
with global simulations shows that alternative fuels 
reduce emissions and the number of ice particles in 
contrails, which lead to changes in particle size and 
contrail lifetime reducing the contrail climate impact.  

Lean-burn engine technology reduces NOx emissions 

In addition to fuel design, modern engine technology 
can affect emissions and climate. Aircraft NOx emis-
sions change O3 and secondary particulate matter 
which effect air quality and climate. About 90% of 
NOx from aircraft are emitted during the cruise phase 
of the flight.  
 

 

Figure 3.2-18: First in-flight measurements of cruise 

altitude EI(NOx) for novel GEnx lean-burn combustor jet 

engines of wide-body aircraft compared to conventional 

technology engines (CF6, CFM56, JT9D). WeCare (circles) 

and POLINAT data (triangles) are shown. The GEnx 

engines (green circles) have a 30% lower EI(NOx) as 

conventional CF6 engines with the same thrust (pink 

triangle) and a similar EI(NOx) as CF6 engines with a 

30% lower thrust (blue circles). 

 
The recent development of lean-burn combustors 

for aircraft engines provides significantly reduced NOx 
emissions in terms of emitted mass of nitrogen oxides 
per engine thrust as derived for the landing-take-off 
cycle. This is achieved by twin-staged fuelling includ-
ing a pilot combustion stage for power stability and a 
lean main combustion stage for minimized NOx pro-
duction. First in-flight measurements of cruise altitude 
NOx EI (emitted NOx mass as NO2 equivalent per fuel 
burnt) were performed in cooperation with Lufthansa 
for wide-body aircraft (B747) equipped with lean-burn 
combustor engines (GEnx). The data were obtained 
during measurements of the DLR Falcon equipped 
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with NOx und CO2 instruments in the wake of the 
B747 aircraft. Figure 3.2-18 shows measured EINOx for 
GEnx engines as a function of maximum take-off 
thrust. In addition, EINOx data for CF6-80C2B1F aircraft 
engines, also measured during the WeCare flights, 
and earlier DLR Falcon measurements of B747 aircraft 
during the POLINAT project are shown. The measured 
cruise altitude NOx EI for the GEnx engines are 30% 
lower compared to a CF6 engine with the same 
thrust. Further, EINOx values for the GEnx engines are 
similar to the EINOx values for the latest version of the 
CF6-80C2 engine series for B747 aircraft, however, 
with a 30% higher thrust. 

Eco-efficient flight routing 

The climate impact of an individual flight very much 
depends on the prevailing weather, the used fuel and 
the type of aircraft and engine. Possibilities to include 
these effects already at the stage of flight planning and 
to enable thereby a climate impact reduction by opera-
tions have been analysed within the Single European 
Sky (SESAR) programme (Figure 3.2-19). 
 

 

Figure 3.2-19: Overview on the integration of climate 

related data in flight planning, e.g. by utilising SESAR’s 

system-wide information management (SWIM). 

 
It requires taking into account all climate-relevant 

species, since for individual operations the importance of 
individual species might vary drastically. Intermediate-
stop operations have a considerable potential to reduce 
fuel use and hence CO2 emissions, but since the aircraft 
is lighter at the first flight leg, it operates at a higher 
altitude and the effects from NOx and H2O emissions 
counteract and on average even overcompensate the 
climate impact reductions from CO2 and contrails. 

Reliable information on the climate impact at differ-
ent atmospheric locations allows avoiding those regions, 
which are very climate-sensitive with respect to e.g. 
contrail formation or the impact of a NOx emission on 
O3. Since those regions have often a limited extent, they 
can be avoided especially for long-range flights. A cli-
mate impact reduction of 10 to 15% at the expense of 
an increase in operating costs of around 0.5 to 1% can 

be achieved for North-Atlantic flights (Figure 3.2-20). 
This mean ratio between climate impact reduction and 
costs vary not only for individual weather patterns, but 
also with respect to season. An introduction of non-
CO2-effects into an emission trading system will enable 
climate impact reduced operations at a low cost for a 
ton of equivalent CO2-emissions (Figure 3.2-20).  

 

 

Figure 3.2-20: Optimal climate-cost relations (Pareto-

Front) for trans-Atlantic air traffic with (bottom) and 

without (top) market-based-measures (MBM). 

 
A case study for the Japanese airspace showed that 

only a small fraction (2%) of the flights is responsible for 
80% of the climate forcing of contrail cirrus in that 
region. Hence diverting a small number of air traffic 
routes by changing flight levels can strongly reduce the 
climate impact from contrail cirrus. Part of this reduction 
is possible even without increased CO2 emissions, i.e. by 
implementing novel engine technology and designer 
fuels, which avoids the risk of long-term warming by 
route changes. 

Eco-efficient aircraft design 

Usually, the climate impact of future aircraft designs is 
evaluated by means of the specific fuel use and the EI 
of NOx. A large step forward in such a climate impact 
assessment is the development of a methodological 
framework, which combines the aircraft technology, 
an estimate of associated routing network and the 
estimate of the respective climate impact, which has 
been proposed for the European Joint Undertaking 
Clean Sky. Such an approach has been performed for a 
multi-fuel blended wing body and a strut-braced wing 
aircraft (Figure 3.2-21). The multi fuel blended wing 
body propulsion concept utilizes two combustion 
chambers in a row with either liquid hydrogen (LH2) or 
liquefied natural gas (LNG) combustion in the first and 
flameless combustion of alternative fuels in the second 
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combustion chamber. The relatively high cruise altitude 
leads to larger contrail formation in tropical regions 
and a large contribution from water vapour emissions 
to climate warming at mid-latitudes. These are com-
pensated by very low NOx emissions, which limit the O3 
impact and very low soot emissions largely reducing 
the contrail lifetime. Overall the climate impact reduc-
ing effects are dominating and an overall reduction of 
the climate impact of up to 23% is estimated com-
pared to a B787, including some further expected fuel 
efficiency increases to compare the two technologies 
at a similar technology level. This aircraft design with a 
lower climate impact could only be achieved by includ-
ing the climate impact assessment as an integral part 
of the aircraft design process. 
 

 

 

Figure 3.2-21: The multi fuel blended wing body propul-

sion concept utilizes two combustion chambers in a row 

with either liquid hydrogen or liquefied natural gas 

combustion in the first and flameless combustion of 

alternative fuels in the second combustion chamber. 

 
Another technology is a strut-braced wing air-

craft, which may replace an A320 or B737. The pro-
pulsion technology, a counter-rotating open rotor has 
a significantly reduced fuel flow and lower emission 
of NOx compared to the reference aircraft and leads 
to a lower cruise speed and altitude. This small shift 
in cruise altitude of this short to medium range air-
craft leads to a small increase of contrail formation at 
mid-latitudes. However, the climate impact reducing 
effects are dominating and an overall climate impact 
reduction of less than 20% is estimated.  

Summarized, a major step forward has been 
achieved by IPA in the last 5 years in measuring and 
understanding aircraft emissions and their processing 
in the atmosphere and in evaluating their climate im-
pact. The gained expert knowledge on contrail cirrus 
helped to better assess mitigation measures from al-
ternative fuels, aircraft technologies and eco-efficient 
flight routing and builds the base for future research 
addressed in Section 4.5 (mitigation) and in Section 4.4 
(basic research). In addition, aircraft safety in severe 
weather conditions is discussed in the next section.  

3.2.2 Safety issues of aviation 

Substantial limitations to the safety and efficiency of 
aviation result from atmospheric phenomena ranging 
from small-scale wake vortices caused by the aircraft 
themselves to severe weather conditions impacting 
local and regional scales as thunderstorms, aircraft 
icing and CAT. On large scales, the obstruction of 
aviation by volcanic ash is considered.  

Wake vortex aircraft separations limit the capacity 
of congested airports in a rapidly growing aeronautical 
environment. EUROCONTROL’s most likely economic 
scenario for the future European airport demand indi-
cates that there will be around 1.5 million unaccom-
modated flights in 2040, constituting approximately 
8% of the expected demand. Such a lack of capacity 
could mean that 160 million passengers would not be 
able to travel with a potential economic loss of around 
€ 88 billion to the European economy. Wake vortex 
encounters near airports (e.g. the fatal accident of a 
Robin DR 400 taking off behind an Antonov An-2 at 
airfield Backnang in September 2012) or during cruise 
(e.g. the loss of control resulting in a 10,000 ft height 
loss with several injured passengers of a Challenger 
CL604 that encountered A380 wake vortices over the 
Arabian Sea in 2017) may lead to loss of control with 
hazardous consequences.  

Adverse weather is the primary reason for disrup-
tions of the air transport system in the U.S. Over Eu-
rope, adverse weather is responsible for up to 50% of 
all delays. According to the German air navigation 
safety provider DFS, more than 80% of the delays at 
Munich Airport (MUC) are due to adverse weather 
conditions with thunderstorms and fog as the primary 
reasons.  

Adverse weather like thunderstorms or clear-air 
turbulence can also become hazardous leading to 
severe incidents with injured passengers. Icing from 
liquid supercooled droplets or dry ice crystals can cause 
fatal accidents, like e.g. the crash of an A330 Airbus 
over the Atlantic on 1 June 2009, where icing of the 
Pitot tubes within a thunderstorm led to malfunction 
of the speed indicators. Furthermore, volcanic ash 
eruptions may require airspace closures.  
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Given these safety-related, societal and economic 
impacts, it is obvious that there is a clear need for 
weather information systems that help airspace users to 
plan flight routes timely and efficiently and enable the 
tactical mitigation of hazardous weather effects. A col-
laborative and expeditious decision making process 
could be assured by providing all decision makers in the 
air and on the ground access to the same weather in-
formation. Many of the weather data and tools available 
to date have to be interpreted by the user before any 
action can be triggered. However, as airspace users 
often have to make quick decisions, they need simple, 
clear and reliable information. The next subsections 
describe various IPA developments in this direction.  

Overview of wake vortex activities at IPA 

Prediction of wake vortex drift, descent, and decay, and 
the resulting minimum separations between consecutive 
aircraft is essential for an effective, resource-efficient, 
and safe guidance and planning of air traffic. In the DLR 
project L-bows (Land-based and on-board wake vortex 
systems, 2014-2017) IPA worked, together with other 
DLR institutes, on the ground-based prediction of opti-
mized aircraft separations and the airborne avoidance of 
hazardous encounters in all flight phases. For this pur-
pose innovative methods are being developed like the 
simulation system for virtual flight in a realistic environ-
ment. The conducted activities meet the RECAT initiative 
of ICAO, FAA and EUROCONTROL to update wake 
turbulence separation minima by revealing the driving 
factors of wake vortex evolution in ground proximity 
and by mitigating wake turbulence risk during this cru-
cial phase of flight by the installation of wake decay 
enhancing devices at the runway ends. 92 publications 
and echoes in media emerged from the L-bows project. 
In the subsequent SESAR Joint Undertaking project 
“Increased Runway and Airport Throughput” (PJ.02 
EARTH, 2017–2020) IPA partnered with Austro Control 
to install plate lines at Vienna International Airport in 
order to increase flight safety by accelerating wake 
vortex decay during final approach. The plate line meth-
od has been bestowed the ATM Awards: Second Place, 
and named a finalist in the inaugural Maverick Innova-
tion Awards presented by World ATM Congress. The 
following subsections provide more details on the above 
mentioned activities. 

Hybrid numerical simulations 

Highly resolving LES conducted on supercomputers 
provide valuable in-sights in the physics of wake vortex 
behaviour during different flight phases and under 
various environmental conditions. As an example, well-
resolved LES were employed to investigate the behav-
iour of wake vortices and single vortices in ground 
proximity for a variety of crosswind and headwind 
conditions. A thorough analysis of the simulations 

demonstrates that vortex descent, rebound, ascent and 
decay characteristics are controlled by the interaction 
of the vortices with secondary vorticity detaching from 
the ground, the redistribution of vorticity within the 
boundary layer, and the interaction of the vortices with 
the environmental turbulence. 
 

 

Figure 3.2-22: Multiple slices through the vortex system 

generated by a landing A320 aircraft. 

 
The hybrid RANS/LES method developed at IPA in-

troduces the flow field around an aircraft model ob-
tained from high-fidelity RANS simulations into an LES 
environment that simulates the vertical wake until its 
decay. This so-called one-way coupling method ena-
bles valuable insights into the roll-up process behind 
specific aircraft geometries and configurations and the 
consequences on the resulting vortex properties.  

Hybrid RANS/LES have been applied to investigate 
effects of the detailed geometry of an A320 aircraft in 
high-lift configuration on wake vortex dynamics during 
approach and landing. The hybrid simulations con-
ducted together with the DLR Institute of Aerodynam-
ics and Flow Technology (DLR-AS) reveal a strong co-
herent vortex emerging from the engine-landing-gear 
system. Similar vortex structures are also frequently 
observed in lidar measurements collected at Vienna 
airport. Obviously, for a number of aircraft types the 
landing gear accounts for the generation of a quite 
persistent three-vortex-pair system consisting of the 
main vortices, the tailplane vortices, and the engine-
gear-vortices (Figure 3.2-22). 

Further, the hybrid method has been applied to in-
vestigate the jet-vortex interaction in cruise flight. It is 
found that the engine jets perturb the coherency of 
the wake flow such that the relatively strong engine 
vortices are quickly becoming turbulent. As a conse-
quence, the development of the usually occurring 
sinusoidal instability is impeded delaying the decay of 
the entire vortex system. 

IPA’s vision of establishing a simulation system for 
virtual flight in a realistic environment is addressed by 
the two-way coupling of two separate flow solvers. For 
this purpose a compressible RANS solver resolves the 
near-field around the aircraft including its boundary 
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layer while an incompressible LES solver is used to 
model the atmosphere around the vortex generator 
with its wake footprint in the LES domain. The two 
codes are fully coupled at every physical time step. 

For validation purposes the two-way coupling meth-
od has been applied to wake data collected in a wind 
tunnel experiment and to a vertical gust simulation of an 
already validated pure RANS approach for calculating 
the global aerodynamic coefficients. The two-way cou-
pling method proves to be powerful in cases where 
large-scale transient atmospheric effects and their inter-
action with flying aircraft are to be studied.  

Wake decay enhancing devices − plate lines 

Even when adhering to separation standards, aircraft 
regularly experience wake vortex encounters during 
final approach. Statistics reveal that the highest risk to 
encounter wake vortices prevails in ground proximity, 
where the vortices tend to rebound into the flight path 
of the following aircraft.  
 

 

Figure 3.2-23: Plate line overflight of A380 approaching 

runway 16 of Vienna airport. 

 
To mitigate the risk of wake encounters and there-

by to improve runway capacity, so-called plate lines 
have been developed. Wake vortices generated by 
landing aircraft induce secondary vortices at the plates’ 
surfaces that approach the primary vortices and trigger 
premature wake vortex decay. LES were used to better 
understand the underlying vortex dynamics, to opti-
mize the obstacle shape and to investigate the impact 
of crosswind and headwind. As a result, a plate line 
with optimized plate dimensions of 4.5 m height and 9 
m length, consisting of eight plates and a plate separa-
tion of 20 m was designed. Encounter simulations 
employing LES flow fields reveal a significant reduction 
of the maximal vortex impact on the encountering 
aircraft after the installation of plate lines. 

In the SESAR project a plate line design was estab-
lished that proved to be compatible with airport re-
quirements such as obstacle clearance, frangibility, sta-
bility against wake vortices and storms, interference with 
the localizer, and visibility of the approach lighting. 
Following an EASA safety assessment, the installation of 
the plate lines was approved by Austrian authorities. 

Austro Control, Leonardo Germany, RPG and IPA part-
nered to deploy two plate lines in front of runway 16 of 
Vienna International Airport (Figure 3.2-23) and to con-
duct a six-month measurement campaign employing 
three lidars for wake vortex characterization and a com-
prehensive suite of meteorological instrumentation.  

 

 

Figure 3.2-24: Selected percentiles characterizing vortex 

lifetime (circulation values, Γ) with plate lines (+ sym-

bols) and without plate lines (x symbols). 

 
Figure 3.2-24 illustrates the decay of the vortices 

lingering in a ±50 m safety corridor along the glide 
path with and without the plates. At circulation values 

of Γ = 250 m²/s the percentile curves start to deviate 
from each other highlighting the increased decay rates 
accomplished by the plates lines. The average of the 
lifetime reductions of the long-lived wake vortices for 
different aircraft types amounts to about 30%.  

 

 

Figure 3.2-25: Probabilistic multi-model ensemble predic-

tion of lee vortex circulation based on DLR and NASA wake 

vortex models. Coloured curves: respective model predic-

tion skills. Black curve: resulting ensemble prediction. 

 

Multi-model ensemble wake vortex prediction 

Probabilistic fast-time wake vortex prediction models 
constitute key components of ground-based and air-
borne wake vortex advisory systems (see next subsec-
tions). The idea to combine the forecasts of multiple 
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independent prediction models in order to quantify the 
model uncertainty and to increase the reliability of the 
probabilistic forecast has been adopted from meteoro-
logical multi-model ensemble approaches. In order to 
develop a multi-model ensemble for wake vortices, 
IPA’s deterministic two-phase wake vortex model D2P 
and different versions of NASA’s deterministic APA and 
TDP wake vortex models have been exchanged within 
the framework of a NASA/DLR cooperation.  

These models were combined employing the 
Bayesian model averaging approach (Figure 3.2-25), 
where all individual model outputs are translated into 
probability density distributions that are weighted by 
their respective model prediction skills (coloured 
curves) and summed up into the resulting ensemble 
prediction (black curve). For ensemble training and 
evaluation, data collected at wake-vortex campaigns 
accomplished by NASA (Memphis, Dallas, and Denver 
airports) and DLR (Frankfurt, Munich, and Ober-
pfaffenhofen airports) were employed. The results 
demonstrate that a well-trained multi-model ensemble 
may improve the deterministic prediction skill and is 
capable of predicting vortex behaviour envelopes fea-
turing reliable probability levels.  

Airborne wake encounter avoidance and advisory 
system – WEAA 

The WEAA system was designed for the on-board 
identification and avoidance of imminent wake vortex 
encounters. During flight experiments with the DLR 
Falcon and other airliners as vortex generators and 
DLR ATRA as encountering aircraft in November 
2016, WEAA proved its capability in supporting the 
avoidance of encounters reliably (Figure 3.2-26). 
 

 

Figure 3.2-26: Cockpit view on contrail denoting immi-

nent encounter (top) with dedicated navigation display 

indicating current wake vortex position and predicted 

encounter location (bottom left). 

Wake vortex prediction with the WEAA elements 
am+fusion (fusion of meteorological input data) and 
P2Pa (airborne wake vortex prediction) depends crucial-
ly on the number and quality of sources for the mete-
orological input data. The Institute of Flight Systems 
and IPA have substantially contributed to the specifica-
tion of parameters for the next generation ADS-B 
broadcast in the RTCA/EUROCAE Combined Surveil-
lance Committee in order to make on-board wake 
predictions as precise as possible. 

Ground-based wake vortex advisory system 

In order to adjust pairwise dynamic aircraft separations 
for approach and landing without compromising safety, 
the ground-based wake vortex advisory system WSVBS 
considers the involved aircraft type pairing, the prevail-
ing weather conditions and the resulting wake vortex 
behaviour. Figure 3.2-27 illustrates the substantial po-
tential of the WSVBS to optimize temporal aircraft sepa-
rations depending on the wind conditions along the 
glideslope employing nine months of traffic and weather 
prediction data collected at Vienna International Airport. 
On average, crosswinds above ±2 m/s are sufficient to 
reduce separation times to about 1 min. 
 

 

Figure 3.2-27: Suggested mean aircraft separations 

dependent on headwind u and crosswind v. 

 
The presented examples of wake vortex research at 

IPA illustrate the substantial advances that have been 
achieved in a wide field reaching from sophisticated 
numerical simulation techniques fostering the under-
standing of wake physics via probabilistic fast-time 
wake vortex prediction employed in ground-based and 
on-board systems through to safety gains enabled by 
the acceleration of wake vortex decay during the most 
vulnerable phase of flight. 

Deep convection 

Adverse weather can endanger flight safety and is there-
fore one of the key disturbance factors in aviation. Most 
of the weather related delays can be traced back to 
deep convection or thunderstorms with accompanying 
hazardous phenomena like severe turbulence, heavy 
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precipitation, hail, lightning, and icing. It is evident that 
deep convection research, in particular the development 
of advanced thunderstorm forecasting tools for aviation, 
is of major importance for all aviation stakeholders in 
order to enable mitigation of the impacts of thunder-
storms on flight safety and efficiency. The following 
three subsections provide more details on IPA activities 
in this field. 

Thunderstorm nowcasting 

The short-term forecasting of thunderstorms up to one 
hour (nowcasting) is especially important for the stra-
tegic planning and adjustment of flight routes. In re-
cent years the IPA thunderstorm nowcasting tools Cb-
TRAM (Cumulonimbus Tracking and Monitoring) and 
Rad-TRAM (Radar TRacking And Monitoring) have 
successfully been improved and tested in close collabo-
ration with aviation stakeholders both within DLR 
internal and international projects. While Rad-TRAM 
identifies, tracks, and nowcasts heavy precipitation 
with ground-based weather radar data, Cb-TRAM 
detects, tracks and nowcasts thunderstorms up to one 
hour based on satellite data (Figure 3.2-28).  
 

 

Figure 3.2-28: Cb-TRAM thunderstorm detections (bold) 

and 60-minutes nowcast (dashed) contours over Germany 

and neighbouring countries. Yellow contours represent 

potential thunderstorm development, orange contours 

represent rapid vertical cloud growth, and red contours 

represent mature stage. 

 
For historical events it could be shown that Cb-

TRAM provides the situational awareness of the thun-
derstorm situation, and enables the pilot to optimize 
the operational measures to be taken, e.g. plan a safe 
route around the thunderstorms. The comparison of 
real flown flight routes from the IAGOS data base with 
flight routes planned on the basis of Cb-TRAM infor-
mation indicates that up to three tonnes of fuel could 

be saved per flight. The estimation is based on four 
case studies with largest deviations from flight routes 
due to thunderstorm. Therefore it determines a maxi-
mum range of fuel saving. The four case studies are 
selected from 4000 flights from the IAGOS database. 

Cb-TRAM has been further extended to a new sys-
tem called Cb-global and is now able to provide thun-
derstorm detections and nowcasts worldwide in near 
real time by using data from the MSG, Himawari, and 
GOES satellite instruments. Following user requirements 
Cb-global is now able to distinguish between active 
mature thunderstorms and convectively induced turbu-
lence within clouds. The comparison of Cb-global detec-
tions with results from IAGOS backscatter cloud probes 
along IAGOS flight routes indicates that Cb-global is also 
able to warn of regions with high-altitude icing condi-
tions. A systematic proof of the Cb-global high-altitude 
icing conditions detection is currently in progress.  

Within SESAR2020 PJ18-04 a Cb-global service has 
been built that provides near real-time Cb-global data 
in a SWIM-compatible standard GML/XML format to 
aviation stakeholders via the so-called MET-GATE for 
uplink to aircraft. Rad-TRAM data have been integrat-
ed into a ground weather management system 
(GWMS). Both Cb-global and Rad-TRAM have success-
fully been validated in several SESAR2020 exercises in 
close collaboration with SESAR aeronautics industry 
partners like Honeywell, Thales, Airbus, and Leonardo. 

IPA’s spin-off company WxFUSION now offers Cb-
global and Rad-TRAM commercially and has provided 
real-time Cb-global data for flight routes from Europe 
to Asia in trials with EUROCONTROL, Honeywell, and 
Airbus Defence and Space. A recently performed sur-
vey by Airbus Defence and Space with more than 300 
pilots resulted in outmost positive feedback regarding 
the benefit Cb-global could yield to pilots. More than 
90% of the pilots rate the Cb-global nowcasts as relia-
ble, and around 85% of the pilots agree that the use 
of Cb-global for flight planning increases flight effi-
ciency and safety. It is now planned to enter into nego-
tiations regarding a commercial agreement for Cb-
global with Airbus Defence and Space. 

Thunderstorm forecasting 

Thunderstorm forecasting especially for lead times 
from one to six hours is relevant for the sector plan-
ning and the generation and adaptation of flight plans 
in the European network. The IPA thunderstorm fore-
casting system Cb-Like provides likelihood forecasts of 
thunderstorm occurrences up to six hours based on 
COSMO-DE model data (Figure 3.2-29). For this pur-
pose four model parameters representing convective 
activity in the model are combined and from time-
lagged ensemble model forecasts, the member corre-
sponding best to the current observation is selected to 
further forecast thunderstorm activity.  
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Figure 3.2-29: Thunderstorm likelihood forecasts (col-

oured areas) overlaid with observations (blue contours). 

 
Cb-Like has been tested by EUROCONTROL Maas-

tricht in a trial during summer 2017. The test made 
apparent that especially the 2-3 hour Cb-Like fore-
casts are very beneficial for the planning of sector 
capacity and the deployment of air traffic control 
staff, but still need improvement to provide a more 
seamless transition from nowcasting to forecasting. It 
is therefore planned to extend Cb-Like by combining 
the model likelihoods with observations and nowcasts 
(Section 4.5.2). 

Thunderstorm lifetime analysis 

Finally, the knowledge about the remaining lifetime of 
existing thunderstorms is crucial for operations at 
airports. However, the prediction of the lifetime of 
thunderstorms in an operational environment is still a 
challenge since thunderstorm lifetime strongly depends 
on the question whether it is manifested as a single 
event or a cluster of thunderstorms and a simple 
method to determine the organization type of a storm 
is operationally not available.  

A first step to predict the thunderstorm lifetime in-
dependent of organization type has been undertaken. 
From multiple observations and model data the rele-
vant parameters being typical and valid for a broad 
spectrum of convective systems were identified and 
were employed to create predictive skill. The results of 
this study are currently implemented into a new life 
cycle model for convective systems. 

Clear air turbulence 

Within the newly established internal project (DLR-
Vorhaben) “Turbulence in the free atmosphere” IPA 
investigates the causes, impact and possible mitigation 
strategies of CAT. Airborne CAT encounters have been 
investigated with HALO. During one event, strong 
turbulence caused multiple up-and-downs of the air-
craft by about 50 m within a 15 s period. Additionally, 
HALO’s automatic thrust control could not handle 
these violent variations and, consequently, the pilot 
had to switch off this system. 

 

Figure 3.2-30: Turbulence forecasts of the observed event 

for flight level 430 above Iceland. The coloured dotted 

line presents the in-situ measured eddy dissipation rates. 

 
The observed turbulence encounter was investigat-

ed by applying a unique combination of in-situ obser-
vations, ECMWF and empirical turbulence forecasts, 
and high-resolution numerical simulations. Meteoro-
logical analyses revealed that mountain waves were 
excited by the southerly wind past Iceland. These verti-
cally propagating mountain waves became convectively 
unstable just above the tropopause where the negative 
vertical shear of the horizontal wind favoured overturn-
ing and breaking in the region of the encountered 
turbulence. Forecasts of the graphical turbulence guid-
ance (GTG) system show a horizontally blurred distribu-
tion of forecasted CAT areas compared to the sharp 
eddy dissipation rate (EDR) peaks in the observations 
(Figures 3.2-30 and 3.2-31). 
 

 

Figure 3.2-31: Comparison of in-situ measured turbu-

lence derived from vertical wind speed (EDR_ac) to the 

turbulence predictions (CAT, MWT) interpolated to the 

flight track. 

 
In order to increase the spatial and temporal reso-

lutions, selected diagnostics of the graphical turbu-
lence guidance system were recently implemented in 
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the operational forecast system of ECMWF and have 
been used for the flight planning during SouthTRAC 
(Figure 3.2-32). 

 

 

Figure 3.2-32: Turbulence forecasts for flight level 400 

on 6 November 2010 00 UTC as used during the cam-

paign SOUTHTRAC. Moderate and severe turbulence is 

predicted in the lee of the Andes and over the Atlantic. 

 
An alternative active approach to mitigate CAT im-

pact is the development of a turbulence-resilient aircraft 
with load alleviation. Together with the DLR Institute of 
Flight Systems, methods and tools for such load control 
are being developed in particular for lidar-based gust 
wind measurement (Sections 2.2.1 and 4.5.2). 

Volcanic ash 

For the monitoring of ash occurrence and properties 
in the atmosphere the DLR-developed VADUGS 
retrieval (Section 2.3) has been applied to data of 
the geostationary Meteosat satellite. VADUGS serves 
as a secondary source for airlines and policy makers 
to close or re-open airspace after a volcanic erup-
tion. For this purpose its routine operation has been 
taken over by the German Weather Service (DWD). 
After the joint implementation of the algorithm in 
the DWD high-performance computing environ-
ment, its output has been integrated into the DWD 
emergency procedure that is automatically initiated 
in case of eruptions. This way, both VADUGS data 
and quick-looks are produced in near real-time and 
automatically forwarded to the emergency repre-
sentative of DWD. Furthermore, VADUGS infor-
mation is translated into polygons and overlaid with 
geographical maps to provide the airspace users 
with a direct and efficient interpretation of safe 
airspace sectors, in a similar way as the charts pro-
duced by the Volcanic Ash Advisory Centres. VA-
DUGS products are also available in the context of 
the DWD meteorological front end “Ninjo”. Finally, 
VADUGS results for the Eyjafjallajökull have been 
compared to ICON-ART model simulations at DWD 
revealing good agreement in the dispersion patterns 
between the satellite retrieval algorithm and the 
model. 

Aircraft ice crystal icing  

Aircraft icing has been a long-known hazard for aircraft 
operators and aviation authorities. Next to classical icing 
in supercooled droplets, large research projects have 
been launched in the past years to characterize aircraft 
ice crystal icing in convective clouds with high IWC. 
Within the EU funded project HAIC (High Altitude Ice 
Crystals), IPA provided new insights into the height of ice 
formation in convective clouds. New cloud particle 
measurements discriminating the phase of particles 
below 50 μm were developed and employed during the 
HALO ACRIDICON-CHUVA mission in growing convec-
tive cumulus above the Amazonian forest. The data 
revealed a dependence of the height of warm rain and 
ice initiation above cloud base on the number of cloud 
droplets at cloud base (Figure 3.2-33). These in turn 
showed a clear dependence on aerosol number concen-
tration below cloud base. Thus, for a given updraft speed 
the altitude of ice formation was strongly correlated with 
the degree of pollution below cloud base. These results 
led to new research activities in the field of aircraft icing, 
investigating the dependence of the formation of high 
IWC on the aerosol concentration below cloud base. 
 

 

Figure 3.2-33: Dependence of height of warm rain and ice 

initiation above cloud base on the number of cloud drop-

lets at cloud base above the Amazonian Basin. Colours 

represent individual flights during the ACRIDICON-CHUVA 

mission. Stars represent an independent detection method. 

 

Conclusions 

The described leading-edge research activities for as-
sessing and mitigating the climate impact of aviation 
and to further the safety and efficiency of aviation are 
driven by a vivid linkage between the investigation of 
fundamental physics, the development of new tech-
nologies and the categorical endeavour to harness 
novel methods and to make those available to the 
benefits of the society. Section 4.5 sketches the future 
plans envisaged to advance current activities and to 
meet upcoming challenges related to eco-efficiency 
and safety in aviation and transport. 
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3.3 Transport research 

 
 
Since the establishment of the DLR Transport Pro-
gramme about two decades ago, IPA has been focus-
ing on the environmental impact of transport, i.e. its 
effects on the composition of the atmosphere (air 
quality), on the climate (global warming), and on traffic 
noise (sound propagation in a real atmosphere). This 
has been done in close cooperation with many DLR-
internal and external partners, as a comprehensive 
research on these topics requires a multi-disciplinary 
approach, encompassing the economic, societal and 
scientific aspects of the problem. 

The total transport emissions have been continu-
ously increasing over the last decades (Table 3.3-1), 
despite many technical and regulatory measures intro-
duced in several countries in the attempt to mitigate 
their impacts. Notably, the relative contributions of the 
sectors remained largely unchanged. In the next years 
a further growth of the emissions is projected by most 
scenarios, in particular in developing countries and 
growing economies. The transport sector, therefore, 
deserves particular emphasis. Although it is only one of 
the many anthropogenic contributions to air quality 
and climate change, it requires the development of 
suitable tools to quantify its impacts.  

During the reporting period, several emission sce-
narios of the German transport system were analysed 
in order to assess their impact on air quality and 

climate at different scales, at the national, European 
and global level. This resulted in a series of studies 
addressing the impact of nitrogen oxides from land 
transport on ground-level O3 and corresponding 
changes in surface temperatures in Germany and 
Europe, and the assessment of mitigation strategies, 
using state-of-the-art model methodologies. This was 
complemented by unique aircraft measurements 
downstream of major cities in Europe and East Asia 
for characterization of the dispersion and composi-
tion of the pollution plumes, and for comparison with 
model simulations.  

 

 

A significant challenge for these kinds of studies is 
posed by the non-linear nature of the O3 chemistry, 
which complicates the assessment of atmospheric 
and chemical impacts in densely populated regions 
with high NOx emissions. To overcome these chal-
lenges, the focus of IPA’s research has been directed 
towards process-understanding with the help of an 
innovative combination of regional and global simula-
tions in a consistent modelling framework for esti-
mating the climate effects, as well as the use of cli-
mate-response models for a detailed assessment of 
the involved effects. 

3.3.1 Atmospheric impact of 
transport 

Global impacts of German transport 

The climate impact of the emissions from the Ger-
man transport system was quantified for present-day 
conditions and possible future developments. This 
was motivated by the need of robust scientific in-
formation for evaluating the climate benefits of 
mitigation strategies. 

German transport makes an important contribution 
to the emissions of climatically-relevant species. How-
ever, the climate perturbations induced by this spatial-
ly-limited emission source are below the detection 

Key achievements: 

• The impact of German transport emissions 
on the global climate was quantified using a 
newly-developed approach combining different 
methods 

• An advanced source apportionment method 
was applied to reassess the global ozone RF from 
land transport and shipping 

• Using a unique global-regional model system, 
the contribution of land transport on 
European ozone concentrations was 
quantified 

• The mitigation potential of biofuels for the 
German land transport sector was investigated 
using a newly-developed climate response 
model 

• The pollution plumes of major cities in 
Europe and Asia during the HALO campaigns 
EMeRGe were characterized in detail 

• Two models for sound propagation including 
weather effects and ground attenuation were 
established  

Table 3.3-1: Total global CO2 emissions (in Gt a-1) from 

fossil fuel burning in the last decades and the share of 

the main anthropogenic sectors: energy production, land 

transport (including road transport and inland shipping), 

international shipping and aviation. Source: EDGAR. 

Sector 1990 2000 2010 2018 

Total [Gt(CO2) a-1] 22.6 25.6 33.8 37.9 

Energy [%] 33.7 36.4 37.4 36.6 

Land Transport [%] 17.6 19.2 17.4 18.2 

Shipping [%] 1.6 1.9 2.0 1.8 

Aviation [%] 1.1 1.4 1.4 1.5 

Other [%] 45.9 41.1 41.9 41.9 
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limits in global 3D CCM simulations, which are a 
common tool to investigate anthropogenic climate 
change. This strongly hampers the quantification of the 
effects and, consequently, the evaluation of different 
mitigation strategies, which is a key goal of the 
transport studies. 

A new modelling approach was applied to solve 
this problem. It is based on a combination of a detailed 
3D global CCM system (EMAC) and 0D climate re-
sponse models (AirClim and TransClim), see Section 
2.5 for a detailed description of these tools. The meth-
od was complemented by a set of aerosol-climate 
response functions derived from detailed EMAC simu-
lations in order to describe the climate impact of the 
emissions of aerosol particles (black and organic car-
bon) and aerosol precursor gases (NOx and SO2) by the 
German transport system. These aerosol-climate re-
sponse functions are shown in Figure 3.3-1. 

 

 

Figure 3.3-1: Globally averaged long-term mean aero-

sol RF resulting from variations of the European an-

thropogenic emissions of individual aerosol species 

(BC, particulate organic matter - POM) and aerosol 

precursor gases (NOx, SO2). 

 
The approach was successfully applied to data 

sets describing the transport emissions in Germany in 
2008 and 2010, as well as their possible future de-
velopment (until 2030). To simulate long-term cli-
mate effects, emission data for the past and assump-
tions for the time from 2030 to 2100 were consid-
ered in addition (including the constant trend until 
2100, as shown in Figure 3.3-2). A number of differ-
ent pathways for the possible future development of 
the underlying global background conditions were 
included according to the common RCPs climate 

change scenarios developed in the context of the 
IPCC Fifth Assessment Report. 

The results of this study are presented in Figure 
3.3-2, which shows the emissions of the German 
transport system for different species (top) and their 
resulting impact on climate in terms of global mean 
surface temperature change (bottom). 

 

 

Figure 3.3-2: Temporal change of the transport-related 

German emissions of CO2, NOx (expressed as NO 

equivalent, multiplied by 100), and particulate matter, 

i.e., BC and particulate organic matter (multiplied by 

1000), between 1850 and 2100 (top panel) as well as 

the resulting changes in global mean surface tempera-

ture (ΔT; bottom panel). The years for which the VEU 

emissions data were used are indicated by the vertical 

lines. The different projections for future temperature 

change due to CO2 result from different assumptions 

on future CO2 background concentrations (RCP2.6, 

RCP4.5, and RCP8.5). The emission of NOx cause chang-

es in CH4 and O3. These effects differ only slightly 

among the scenarios. Hence, O3 + CH4 values (blue) are 

shown for RCP8.5 only. The shaded areas denote the 

uncertainty range. 

 
The German transport emissions result in an in-

crease in global mean surface temperature of the order 
of 10 mK during the 21st century. This effect is domi-
nated by the CO2 emissions, in contrast to the impact 
of global transport emissions, where non-CO2 species 
make a larger relative contribution to transport-
induced climate change than in the case of German 
emissions. This is due, on the one hand, to differences 
in the global fleet composition with respect to the 
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German one, which is characterized by newer (and 
cleaner) engines than in many other countries, and, on 
the other hand, to the photochemical production of 
radiatively active species, particularly O3, from 
transport-induced precursor gases being more efficient 
in tropical and subtropical regions. 

The new approach was used to evaluate the effects 
of the German transport emissions in a set of different 
future scenarios. This enabled IPA colleagues to evalu-
ate the climate benefit of the underlying mitigation 
strategies. It could be demonstrated that a set of inno-
vative but viable measures developed by project part-
ners within the DLR transport research program would 
be sufficient to reach the German emission reduction 
goals for the transport sector and to induce a decline 
of the contribution of German transport emissions to 
global climate change in the second half of the centu-
ry. The major political goal to reduce the CO2 emissions 
of the German transport system to 95–98 Tg in 2030 
and to further reduce them to values close to zero by 
2050 could be achieved by a bundle of measures in-
cluding regulatory, technological, financial and 
transport infrastructure measures as well as modifica-
tions of the energy system.  

Transport impact on European air quality 

Land transport emissions impact not only the global 
climate, but also affect air quality. In the reporting 
period, the impacts of land transport emissions on air 
quality in Europe were studied in detail, focusing on 
nitrogen oxides and associated formation of O3.  
 

 

Figure 3.3-3: Relative contribution (in %) of land 

transport emissions to ground-level O3 during JJA aver-

aged over the 2007-2010 period and using the VEU 

emission inventory. 

 
As the resolution of the global CCM EMAC is too 

coarse to assess air quality impacts, the MECO(n) sys-
tem was used, with two regional refinements covering 
Europe (at 50 km resolution) and Germany (at 12 km 
resolution). To quantify the contribution of land 

transport emissions to O3 and O3 precursors, the TAG-
GING submodel was applied in MECO(n) (Section 2.5). 
Two simulations with different inventories (MACCity 
and VEU), were performed to account for the uncer-
tainties in the emissions data. Compared to previous 
studies investigating the contribution of land transport 
emissions to nitrogen oxides and O3, IPA’s study ap-
plied for the first time a tagging method for source 
apportionment on the global and regional scale, hence 
representing a significant step forward in the field of 
transport research.  

The results indicate a relative contribution of land 
transport emissions of 50-70% to ground level reactive 
nitrogen mixing ratios. The relative contributions dur-
ing summer are slightly larger than in winter, mainly 
due to larger emissions from other anthropogenic 
sectors during winter compared to summer.  

The contributions of land transport emissions to O3 
during winter are rather low (around 8% over Europe) 
and mainly caused by long-range transport of pollu-
tants from land traffic emissions. The contribution 
during summer is shown in Figure 3.3-3, clearly indi-
cating a maximum contribution of land transport emis-
sions in the Po Valley, where O3 production caused by 
land transport emissions is favoured by the high emis-
sions and by the meteorological conditions promoting 
O3 production. Depending on the applied emission 
inventory, the maximum contribution in the Po Valley 
ranges between 14 and 16%. 

Impact of European transport emissions on global O3 

Quantifications of land transport on the global O3 
burden require instead simulations with the global 
model EMAC. In previous studies, a 100%-
perturbation approach (i.e. performing two simula-
tions, one with and one without transport emissions) 
was used to estimate the impact of land transport 
emission on the global O3 burden. This approach, 
however, assumes a linear behaviour of the perturbed 
system, which does not apply to O3 chemistry.  
 

 

Figure 3.3-4: Relative contribution (in %) of European 

land transport emissions to ground-level O3 averaged 

over the 2009-2012 period and using the VEU2 emission 

inventory. 
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This was improved by expanding the tagging 
method in such a way that European and global 
emissions are treated separately. With this method, 
the O3 contributions of land transport emissions from 
Europe and from the rest of the world can be quanti-
fied individually (Figure 3.3-4). 

Moreover, with this new approach a stratosphere-
adjusted RF of the O3 produced by the European land 
transport emissions of 9 mW m-2 was estimated. For 
comparison, the O3 RF of the land transport emissions 
from the rest of the world was estimated to 84 mW m-2.  

The emission-specific RF of NOx emissions from Eu-
ropean land transport is estimated to be about 2 mW 
m-2 Tg-1, while the specific RF for global land transport 
emissions is about 4 mW m-2 Tg-1. This means that NOx 

emissions from European land transport are about 2 
times less effective for the global RF of tropospheric O3 
compared to global ones. The main reasons for this are 
differences in the O3 chemistry and different transport 
pathways of land transport emissions in the different 
world regions.  

Our analysis, however, also revealed that it is not 
possible to estimate the contributions of the German 
land transport emissions to global O3. The reason for 
this is a too low signal-to-noise ratio in the global 
simulations performed to estimate the effects of the 
German land transport emissions alone. Therefore, the 
development of response models is needed to isolate 
the impact of German land transport emissions, as 
shown in the next subsection.  

Efficient assessment of road transport mitigation 
options 

Mitigation strategies for road transport aim at reducing 
traffic congestion, fossil fuel use as well as emissions of 
GHGs and short-lived pollutants. To achieve these 
goals and to manage the rising demand of road 
transport, several mitigation options can be enforced, 
but the introduction of efficient policies is a challeng-
ing task, since economic growth, social benefits and 
emissions need to be regarded at the same time. Some 
policies can be applied at the national level, but they 
mostly operate on a local scale.  

Using the climate-chemistry response model 
TransClim (Section 2.5), two mitigation options to 
reduce the impact of road transport were investigated: 
the introduction of emission regulations in Germany 
and the introduction of biofuels at the European level. 

In the first study, three scenarios were examined: 
regulated shift (rShift), in which political and techno-
logical impulses push the society towards a strong 
conservation of resources and environment; free play 
(fPlay), with loose regulations for conserving environ-
ment and resources; and a reference (ref) scenario, 
which assumes a continuation of the present-day 
trends of climate policy (i.e. business-as-usual). The 

road transport emissions of NOx, VOC and CO in each 
of these three scenarios were used as an input to 
TransClim simulations. Figure 3.3-5 shows the resulting 
contribution of road transport to O3 concentration 

(ΔO3
tra), and O3 radiative forcing RF(ΔO3

tra) in 2010 as 
well as 2030 and 2040 for the three scenarios. The 
results clearly indicate a reduction of the O3-related 
climate impact, which is largest for the rShift scenario. 

 

 

Figure 3.3-5: Change in contribution of road transport to 

O3 mixing ratio (left) and corresponding stratosphere-

adjusted RF (right) caused by German road transport 

emissions of NOx, VOC and CO for the three scenarios ref, 

fPlay and rShift. The error bars are displayed as well. 

 

 

Figure 3.3-6: Change in contribution of road transport to 

ground-level O3 for “biofuel low” (left) and “biofuel 

high” (right) scenarios. The values indicate the differ-

ence (in units of ppb) towards a reference simulation 

without biofuels. 
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In the second study, the replacement of standard 
gasoline and diesel fuels with biofuels as an opportuni-
ty to reduce the effect of road traffic emissions of NOx, 
VOC and CO on climate was investigated. Two scenar-
ios were considered: a “biofuel low” (10% replace-
ment of gasoline and diesel fuels with ethanol and 
biodiesel, respectively) and a “biofuel high” scenario 
(85% and 100% replacement with ethanol and bio-
diesel, respectively).  

The resulting changes in the contribution of road 
transport to surface-level O3 mixing ratio with respect to 
a reference case without biofuels are shown in Figure 
3.3-6: the two scenarios show an opposite behaviour, 
with the contribution of road transport to O3 increasing 
over central Europe for “biofuel low” and decreasing for 
“biofuel high”. This is due to the strong non-linearity of 
the near-surface O3 chemistry discussed above: in the 
“biofuel low” scenario, more NOx is available to contrib-
ute to the O3 production than for “biofuel high”, which 
leads to larger contributions to O3 by road transport. 
Note that the reductions in net-CO2 emissions, even in 
the biofuel low scenario, lead to a reduction of the 
climate impact from road traffic, regardless of their 
impact on O3. 

Impact of global emissions on ozone 

In the reporting period IPA investigated not only the 
contribution of land transport emissions on atmos-
pheric composition in Europe and the contribution of 
European land transport emissions to the global O3 
budget, but also the contributions of global land 
transport and shipping emissions to O3 on the global 
scale. A main focus of this study has been on the 
impact of using a tagging method instead of the 
perturbation approach. 

The calculation shows relative contributions of land 
transport emissions to global ground-level O3 (using the 
RCP8.5 emissions) during summer of up to 18% (Figure 
3.3-7). The relative contributions are largest over Eu-
rope, the Arabian Peninsula, India, China and Northern 
America. Large relative contributions are also simulated 
for Southern America and parts of Africa. In these re-
gions, however, the absolute contributions are low. 

During summer, the relative contribution of ship-
ping emissions to ground-level O3 is up to 28% locally. 
The contributions are largest over the Western and 
Eastern Pacific along the coastlines of China, Russia 
and Northern America as well as in the Eastern Atlantic 
(Figure 3.3-7). 

O3-induced global mean RFs of 22 mW m-2 for ship-
ping and of 24 mW m-2 for land transport were estimat-
ed using the perturbation approach. By applying the 
tagging approach the estimated RFs increase to 62 mW 
m-2 for shipping and 92 mW m-2 for land transport. 
These new estimates using the tagging approach are 
around a factor of 2 larger as previous estimates of the 

O3 RFs of land transport and shipping emissions. The 
larger values can mainly be attributed to the methodo-
logical improvements using the tagging instead of the 
perturbation approach.  
 

 

Figure 3.3-7: Relative contribution of land transport 

(top) and shipping (bottom) emissions to global ground-

level O3 averaged over the 2006-2010 period and using 

the RCP8.5 emission scenario. 

 
The new estimates show that the O3 RF of the land 

transport emissions is around half as large as the RF of 
CO2, which is estimated to 171 mW m-2, indicating the 
importance of non-CO2 components in the RF of global 
land transport emissions.  

Measurements of emission plumes from megacities 

More than 50% of the world’s population is living in 
urban areas. Megacities and MPC act as large pollution 
sources where emissions from road transport are dom-
inating in many regions. The impact of megacities and 
MPC emissions are not only restricted to the urban 
areas themselves, but may influence large regions 
downstream in terms of air quality and climate impact. 
Measurement campaigns with HALO were performed 
in Europe in 2017 and East Asia in 2018 in the frame 
of the international EMeRGe (Effects of megacities on 
the transport and transformation of pollutants on the 
regional and global scales) project to characterize the 
composition of pollution plumes from megacities and 
MPC, to study transformation processes of emissions in 
these plumes and to provide validation data for model 
simulations. In particular, the regional impacts of urban 
emissions were studied for London, the Benelux/Ruhr 
area, the Po valley, Taipeh, Manila, and the Yangtze 
River delta area in China. For the investigations, pollut-
ed air masses in the centre of these urban areas were 
tagged with a specific tracer (perfluorocarbon com-
pound) to support the identification of the pollution 
plumes downstream. 
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Figure 3.3-8: Time series of HALO measurements in the 

boundary layer at constant altitude of 1000 m of aerosol 

precursor gases and aerosol mass concentration in the 

pollution plume of the megacity Manila after one day 

transport time from the city centre. Also shown are the 

measurements of a tracer compound (PDMCH) released in 

the city centre of Manila for tagging of the air masses of 

interest. (Source of aerosol mass concentration data: MPI 

for Chemistry, Mainz). 

 
As an example, Figure 3.3-8 shows measurements 

in the pollution plume of the megacity Manila in the 
Philippines. Depicted are time series of the perfluoro-
carbon tracer PMDCH (C8F16), released in the centre of 
Manila, and the aerosol precursor gases formic acid 
(HCOOH; Section 2.4.1), SO2 and total reactive nitro-
gen (NOy) as well as the bulk mass concentration of 
organic, sulphate, and nitrate aerosols measured dur-
ing HALO transects across the Manila pollution plume 
in the boundary layer after a transport time of one day. 
The volume mixing ratios of the aerosol precursor 
gases were found to be very tightly correlated with the 
corresponding aerosol mass concentrations. This 
demonstrates the impact of emissions from road traffic 
on the formation and composition of secondary aero-
sols in the regional surrounding of the megacities and 
MPC. Organic aerosol was observed to be the major 
aerosol fraction in the city pollution plumes in East Asia 
as well as in Europe. Formic acid appears to be a good 
proxy for precursor gases of organic aerosols in city 
pollution plumes. Besides direct emissions from fossil 
fuel combustion, sources of formic acid include bio-
mass burning, soil, vegetation, and secondary produc-
tion from hydrocarbons. In follow-on work the sources 
of formic acid in city pollution plumes will be investi-
gated, in particular the share of road transport. Better 
constrains on the budget of formic acid will help to 

understand the contribution of city emissions to sec-
ondary organic aerosols and rain acidity. 

3.3.2 Traffic noise 

IPA has been investigating the influence of meteorologi-
cal factors (e.g. wind direction and speed or thermal 
stratification) on sound propagation and the associated 
changes in local and short-term sound levels since 1998.  

The investigation of sound propagation under con-
sideration of different meteorological conditions is de-
scribed in Section 3.4.1 (Propagation of wind turbine 
noise). Regarding traffic noise, meteorological effects are 
of minor importance as long as the distance between 
source and receptor remains small. Nevertheless, studies 
with an IPA developed 3D wave-based sound propaga-
tion model contribute to a deeper understanding of the 
underlying physical processes and enabled IPA to trans-
fer the results into easily applicable (engineering) meth-
ods in all fields of sound propagation. 

Engineering methods, normally used to produce 
large-scale noise maps for road and railway noise, indi-
cate average values of mean sound levels without par-
ticular attention to special circumstances. Noise maps 
provide a good overview of heavily noise polluted re-
gions, but do not help to evaluate complaints from 
citizens about temporary noise events. These individual 
noise events (e.g. sonic boom, train passing) or small 
scale amplification or attenuation due to special building 
arrangements in cities, play an increasingly important 
role in noise research in recent years. New noise metrics, 
such as the number of events, the spectral composition, 
the noise level increase or maximum noise level and the 
duration of a noise event, which have not yet been 
translated into engineering methods, serve to character-
ize the specific perception and the degree of annoyance 
of people caused by noise in specific situations. Exam-
ples of temporal pattern of a noise event or small-scale 
effects of buildings on spatial noise distribution will be 
shown in the following subsections. 

Short term (temporal) noise evaluation 

Many successive noise events in the course of a day or a 
year result in an overall load of noise, which is described 
as a mean sound level of a region (e.g. in a noise map). 
Consequently, there is a correlation between overall 
noise exposure described by the mean sound level and 
individual events responsible for annoyance like maxi-
mum level and maximum level rise. IPA’s analytical deri-
vations of these sound-level characteristics demonstrate 
this connection. To assess traffic development scenarios, 
a study with train passing was used to confirm these 
derivations by measurements. Figure 3.3-9 shows the 
excellent performance of the calculations compared to 
IPA’s measurements gained near a railway line performed 
during the DLR VEU project. The exact noise level over 
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time of a train passing was calculated analytically. De-
pending on the distance, speed of the train and its 
length, the new parameters of noise level increase and 
the maximum noise level are quantified. 

With the help of these relationships, conventional 
noise prediction tools can be applied to estimate the 
maximum noise level or the maximum level rise in 
addition to the long-term sound level of many trains. 
The consideration of the mean sound level alone 
would be insufficient, if two trends, e.g. higher driving 
speed and lower traffic flow, compensate with respect 
to mean sound level the maximum noise level or the 
maximum level rise tend to increase. In such a case 
noise effects that mainly depend on the latter parame-
ters might occur more frequently. 
 

 

Figure 3.3-9: Measured (thin lines) and predicted (bold 

lines) time series of the sound level L(t) for two passing 

trains of different length ξ (left and right) at two dis-

tances (17m at the top, and 288m at the bottom). In in 

the bottom panels the dashed curve is a corrected mod-

el result considering attenuation of the atmosphere. ξ/V 

indicates the train passing time. 

 

Small scale (spatial) noise evaluation 

Another study at IPA has shown the local influence of 
shielding due to building arrangements on sound propa-
gation. A sound-optimized arrangement of buildings can 
provide quiet zones in cities. The extent to which sound 
penetrates into residential areas depends, among other, 
on the arrangement of buildings but the objective as-
sessment of this effect is a new challenge. Figure 3.3-10 
shows how a 3D wave-based sound propagation model 
can be used to evaluate the resilience of these possible 
forms of building arrangements to traffic noise. Com-
pared to standardized noise prediction methods, finite 
difference time domain (FDTD) wave-based models used 
at IPA calculate the sound propagation to the building 
backside areas more realistically, as they explicitly consid-
er the 3D diffraction effect at building edges and mete-
orologically induced refraction on a physical basis. 

The results of different building arrangements with 
different meteorological conditions relative to the 

result of the corresponding reference simulation (with-
out buildings) are evaluated. A ranking of building 
arrangements is performed using a specifically defined 
metric and reveals some remarkable differences be-
tween the complex FDTD method and the simple engi-
neering ISO9613-2 method. However, it also implies 
that there is already a potential for noise abatement at 
the development planning stage, i.e. it is possible to 
plan settlements that are as much "noise resistant" as 
possible and to create quiet zones ("quite areas"). 
 

 

Figure 3.3-10: Sound level calculated using the finite differ-

ence time domain model (1.5 m above ground) relative to 

the undeveloped situation for special building arrange-

ment in calm conditions. The road is represented as the red 

dotted line. The colours show a sound increase (orange) up 

to +6 dB and a sound reduction (cyan) down to -9 dB. 

 
Both examples of the detailed examination of 

sound propagation with respect to time and space 
show the complex topic. The consequences for plan-
ning measures can be correspondingly far-reaching. 

Conclusions 

In order to investigate the impact of transport emissions 
on climate and air quality, IPA developed a unique set of 
different methods, which made it possible to answer the 
emerging questions on the mitigation potential of 
transport emissions, considering climate impact and air 
quality and their trade-offs at the regional and global 
scale. In combination with modelling results, the aircraft-
based measurements in plumes of European and Asian 
MPC provided a unique perspective to strengthen our 
process understanding on the impact of transport emis-
sions and serve as a basis for detailed model evaluation. 
IPA's activities in this area were further complemented 
by noise studies. A modified fleet (e.g. electric vehicles, 
UAV) changes the noise contributions at the receivers.  
Local effects like specific topography or weather condi-
tions lead to untypical patterns of noise exposure and 
may, for example, require variable traffic control. An 
assessment of these parts shows the specific impacts 
and mitigation options. 
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3.4 Wind energy research 

 
 
DLR’s strategy in wind energy research focuses on the 
design and development of the future ‘smart’ rotor with 
advanced aerodynamics, aeroelastics and structural 
properties. The research highly benefits from synergies 
with the DLR programmes aeronautics and space. Cur-
rently, DLR builds the German Research Platform for 
Wind Energy (PWE) - a joint venture of the German 
Research Alliance for Wind Energy. IPA is in charge of 
fundamental meteorological and sound-propagation 
research in the ABL and its interaction with wind tur-
bines. IPA employs measurement and simulation tech-
niques to analyse the effect of inflow and wake flow 
conditions of wind turbines and to quantify sound pres-
sure levels in residential areas. IPA participated in the 
Perdigão-2017 field campaign (Table 2.1-2), which was 
set up by European and USA scientists during May and 
June 2017 in Vale Cobrão in central Portugal to delve 
into microscale processes in complex terrain and their 
impact on wind-energy harvesting. Two nearly parallel 
mountain ridges are aligned perpendicular to the local 
main wind direction with a single wind turbine on the 
upstream ridge. The diurnal cycle of the ABL, land use, 
forests and orography modify and vary the inflow and 
the wake conditions. Impinging on a wind turbine, they 
result in varying electric power production and signifi-
cant loads on the turbine blades. IPA’s measurements 
and simulations aim at validating models, understanding 
the underlying physical processes and studying site 
specific flow features. 

3.4.1 Experimental research 

Experiments are essential for model validation and a 
better understanding of site specific flow features. In 
preparation of the PWE, meteorological instrumenta-
tion has been procured by IPA. The set of instruments 

dedicated for wind-energy research includes: (i) three 
DWLs (Leosphere Windcube 200S); (ii) a microwave 
radiometer (RPG Hatpro 5G); (iii) five microphones 
(SVANTEK SV 279 PRO). 

Wind and turbulence measurements with Doppler 
wind lidars at Perdigão 

Measurements with DWLs are very versatile and allow 
both, the measurement of mean wind fields and the 
derivation of turbulence quantities within their limita-
tion of scales. The combination of multiple instruments 
in particular allows unique possibilities for the sampling 
of boundary-layer flows.  
 

 

Figure 3.4-1: 2D retrieval of the wind vector (a) and 

turbulence kinetic energy dissipation rate (b) for a half-

hour average from 05:30–06:00 UTC on 14 June 2017 in 

the Perdigão-2017 campaign. 

 
The setup of one lidar in the Perdigão valley and 

one on each of the ridges allowed retrieving 2D wind 
fields in a cross section of the double-ridge using verti-
cal range-height indicator scans. Figure 3.4-1 (a) shows 
an example of such a wind field during a night-time 
low-level jet (LLJ) event, which occurred frequently 
during the campaign. Low-level jets are highly relevant 
for wind energy, as they cause high wind speeds (i.e. 
increased power production), but also shear and in-
creased turbulence (i.e. increased loads) in the rotor 
plane of the wind turbine. The turbulence kinetic ener-
gy dissipation rate is an important parameter that 
quantifies the turbulence in the atmosphere and is 
often used as a parameter in numerical models. A new 
method was developed to not only retrieve mean wind 
speeds in the scanning area of the lidar, but also half-
hour averaged values of turbulence kinetic energy 

Key achievements: 

• Participation in an international field-
campaign in Perdigão, Portugal, collecting 
wind and turbulence data in 
unprecedented resolution for many wind 
and stratification conditions 

• A unique database of sound propagation in 
the Perdigão area was collected and 
synchronized with flow measurements to 
quantify weather and terrain related 
sound propagation  

• Investigation of a wind turbine’s rotational 
direction shows a significant impact on the 
wake flow 
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dissipation rate in a spatial resolution of 20 m using 
radial wind speed variance and turbulent broadening 
of the Doppler spectrum of the lidar. This allows a 
quantification of spatially distributed turbulent features 
in the scanning plane. Figure 3.4-1 (b) clearly shows 
regions of increased turbulence above and below the 
low-level jet, and the strongest values in the wake of 
the wind turbine. Quantifying the turbulence in the 
wake along its propagation path in these scales has 
only been made possible with the developed algo-
rithms for long-range lidars by IPA. 

Wind turbine wake measurements at Perdigão 

Within the framework of the programmatic research of 
DLR towards the “rotor of the future”, the interaction 
of the atmosphere with wind turbine rotors is of major 
interest. This includes the investigation of atmospheric 
flows as an input for rotor loads, but also the wakes 
that are generated by the wind turbine. The vertical 
scans of the lidars were utilized for this purpose and 
combined with measurements of potential tempera-
ture from sonic anemometers on a meteorological 
mast and the microwave radiometer. 
 

 

Figure 3.4-2: Wind-turbine wake propagation in de-

pendency of atmospheric stability. 

 
It was studied how the propagation of the wake de-

pends on the static stability of the atmosphere. For all 
occurrences of wakes in the scanning plane of the lidars 
during the six-week campaign, automatic wake detec-
tion and tracking was implemented. A Gaussian wind 
deficit superimposed on a logarithmic wind profile was 
fit to the measured data for this purpose. Figure 3.4-2 
gives the result of all wake detections, divided into three 
stability regimes (stable, neutral, convective). It is found 
that wakes can be tracked furthest in stable conditions 
and propagate with the mean flow into the valley. In 
neutral and convective condition, the wake gets lifted by 
the accelerated flow over the ridge. 

For cases when the wind direction at Perdigão was 
not perpendicular to the ridge orientation, the range-
height indicator scans were not suitable to study prop-
agation of wind turbine wakes. On selected days, a 

new scanning strategy was carried out with adaptive 
multi-Doppler measurements. Synchronized operation 
of the three lidars allows the intersection of their laser 
beams at the same times and points in space. At these 
points the 3D wind vector can be calculated. Ten 
points in a line at hub height downstream from the 
wind turbine were defined to measure the wind speed 
deficit in the wake. 

 

 

Figure 3.4-3: Result of the wind speed deficit curve 

measured with adaptive triple-Doppler lidar scanning in 

comparison to the Jensen-Park engineering model. 

 
These points were adapted to the mean wind di-

rection every 30 minutes. For this purpose IPA devel-
oped software controlling the lidar scans, receiving the 
data and displaying the scan in real-time on a 3D virtu-
al globe. The result of eight hours of continuous wake 
measurements with this strategy shows that on aver-
age, the wind speed deficit fits well to common engi-
neering models, but single half-hour periods can vary 
significantly (Figure 3.4-3). 

Propagation of wind turbine noise 

Acceptance of wind energy in the general public is a 
major concern for research in the field. The noise of a 
wind turbine as it is perceived by residents in the vicinity 
has a strong impact on the acceptance. The Perdigão-
2017 experiment with its particular meteorological in-
strumentation provides a unique opportunity to study the 
sound propagation in a highly complex site and its de-
pendence on atmospheric conditions. Five stationary 
microphones were installed on the wind turbine ridge, in 
the valley and in the south-west upstream region, meas-
uring continuously for five weeks. A great challenge of 
the analysis of sound propagation of wind turbine noise 
is the discrimination of the source from environmental 
noise. Wind turbine noise can be detected in distinct 
frequency bands that have to be identified for individual 
turbines. Isolating these frequencies allows studying the 
noise levels in dependency of distance to the wind tur-
bine, the amplitude modulation due to the rotation of 
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the wind turbine and the effect of atmospheric condi-
tions. During the Perdigão-2017 campaign, shutdown 
periods for the wind turbine of 1 hour per night were 
helpful to distinguish wind turbine noise from the envi-
ronmental noise, as it can be seen in Figure 3.4-4 from 
04:00–05:00 UTC. It shows how, in the 80 Hz frequency 
band, wind turbine sound can be detected even in the 
valley at a distance of 942 m to the wind turbine, but are 
10 dB lower than on the ridge top. In future, these find-
ing will need to be connected to studies about the psy-
chological and medical impact of wind turbine noise on 
residents. In case of significant impact of specific noise 
levels, measures for a reduction of the noise level could 
be implemented depending on atmospheric conditions. 
 

 

Figure 3.4-4: Spectrum of sound pressure level (SPL) in 

the Perdigão valley (top) and corresponding time series 

at three locations (bottom). The distance to the wind 

turbine is given in brackets in the legend after the 

number of the microphone. 

3.4.2 Modelling research 

IPA’s numerical research is focused on inflow and wake 
flow conditions in complex terrain, on the effect of the 
diurnal cycle of the ABL on turbine wake flow and 
sound propagation, and on the influence of the rota-
tional direction of the blades on the depletion of the 
velocity deficit in the wake. To this end, IPA utilizes the 
flow solvers WRF for real and EULAG for idealised inflow 
conditions and a 3D ray-based sound particle model to 
simulate noise propagation. 

Synoptically-driven flow interacting with complex 
terrain at Perdigão 

The meteorological conditions that prevailed during 
the six weeks Perdigão-2017 campaign are successfully 
re-simulated for the first time in a single run of the 
WRF model, running with three nested grids with a 
finest resolution of 200 m. Further, typical meteorolog-
ical situations are re-simulated and compared with 
measurements, e.g. a low-level jet case approaching 
from north-east (Figure 3.4-5). When considering the 

forest along the slopes of the hills as a sink of momen-
tum, the main features of the observed low-level jet 
passing over the double ridge are both qualitatively 
and quantitatively well reproduced by the model.  
 

 

Figure 3.4-5: Lidar measurements (a) and WRF simulation 

results (b) for the cross-valley wind of a low-level jet event. 

 

Diurnal cycle impact on wind turbine wake flow 

The impact of the convective, the stable, the evening 
and the morning state of a diurnal cycle of the ABL on 
the wake flow is investigated for idealized inflow con-
ditions with EULAG on a high-resolution grid (5 m). 
The impact of these different atmospheric stratifica-
tions on the flow field in the wake is investigated for 
the first time considering the impact on the dynamics 
of the flow (Figure 3.4-6) and on the sound propaga-
tion in the wake (Figure 3.4-7). 

The investigated atmospheric conditions result in dif-
ferences of the stream-wise elongation of the wake and 
the wake deflection angle over the rotor. A more rapid 
wake recovery occurs under convective conditions in 
comparison to near-neutral conditions during the even-
ing transition with a constant wake deflection angle over 
the height of the rotor. In a stably stratified flow, the 
wake elongation correlates with the stability of the at-
mospheric flow, resulting in the longest elongation of the 
wake in case of the morning transition. Further, in stably 
stratified regimes, the incoming veering wind interacting 
with the rotor results in a change of the wake deflection 
angle over the height of the rotor. The significant impact 
of the diurnal cycle of the ABL on wind turbine wakes 
has been considered in LES only in the last years starting 
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2014. This step was necessary as atmospheric stability 
has an essential effect on downwind turbines. 

 

 

Figure 3.4-6: Streamwise velocity in m/s through centre of 

rotor for the convective (a), evening (b), stable (c), and 

morning (d) boundary-layer regime. The black contours 

represent the velocity deficit (difference between up-

stream velocity and downstream velocity, normalized by 

upstream velocity). 

 
The different atmospheric conditions influence the 

propagation of sound from the blades to ground-based 
objects in the wake. The sound propagation for the 
convective (12 LT), the near-neural (18 LT), the moderate 
(00 LT) and the strongly (05 LT) stably stratified ABL are 
comparable to each other (Figure 3.4-7). Only the near-
neutral stratification in the evening transition (18 LT) 
significantly differs. The noise level approaches its maxi-
mum between 1 and 1.5 km downwind and approaches 
a minimum value further downstream.  

 

 

Figure 3.4-7: Near-ground A-weighted averaged sound 

pressure levels, LA(x)-LA(x=100m), (experienced by hu-

mans), for a stable (00 LT), morning (05 LT), convective 

(12 LT), and evening (18 LT) boundary-layer regime. The 

solid grey curve refers to a non-refractive atmosphere 

and the broken one indicates free-field. 

 
A forest in front of a wind turbine or a hill-top wind 

turbine, where the hill dimension corresponds to the 
rotor radius of the turbine, modifies the inflow interact-
ing with the rotor. Both modifications of the ABL flow 
lead to a higher entrainment rate compared to homo-

geneous terrain and have a weak impact on sound 
propagation in the wake of a wind turbine under neutral 
conditions. Stably stratified inflow conditions in combi-
nation, e.g. with a hill-top wind turbine, intensify the 
impact on the wake, resulting in a more rapid entrain-
ment rate in combination with a terrain following wake. 

The diurnal cycle impact on the wake in combination 
with forested or hilly terrain has a significant impact on 
wind turbine and wind farm performance (power, loads). 

Rotational direction impact on wind turbine 
wake flow 

For the first time, a significant rotational direction 
impact of the blades on the wind turbine wake has 
been identified in LES. It occurs in a stably stratified 
regime under veering and backing wind conditions. In 
general, the flow field of the near wake is determined 
by the imposed rotational component of the rotor, 
whereas the flow field of the far wake corresponds to 
the wind veer of the stably stratified boundary-layer 
flow (Figure 3.4-8). Hence, when the wind veers and 
the blades rotate clockwise (upper part), the rotational 
direction in the wake changes, whereas it remains the 
same for a counter-clockwise rotating rotor (lower 
part). Consequently, the resulting flow field recovers 
much faster in the latter case. This has a significant 
impact on the loads and the power output of a down-
wind turbine (up to 23% higher power output).  
 

 

Figure 3.4-8: Schematic of the flow field and stream-

wise velocity for a common clockwise rotating rotor 

(top, V_CCW) and a counter-clockwise rotating rotor 

(bottom, V_CW). 

 

Conclusions  

The described research activities shed light on the 
complex interaction of the ABL flow with a wind 
turbine, the resulting wake flow and the sound prop-
agation. The knowledge gain is driven by a vivid 
linkage between fundamental research, the develop-
ment of new numerical and measurement technolo-
gies and its application to foster a sustainable energy 
production to the benefits of the society. 
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4 Future directions 
Chapter 4 describes the scientific aims of the institute 
for the next 5–10 years. These aims are formulated for 
the five scientific focus areas of the institute, namely (i) 
atmospheric dynamics; (ii) trace gases; (iii) aerosols; (iv) 
clouds; and (v) interaction of the atmosphere and the 
transport system, as well as for the emerging new 
research topic of the use of AI methods for climate 
science. This chapter is structured according to scien-
tific rather than programmatic aspects since in many 
cases the answering of a given scientific question is a 
prerequisite for achieving the programmatic objectives 
of the institute in more than just one programme (i.e., 
“Space”, “Aeronautics”, “Transport”, and “Energy”). 
For example, a proper understanding and implementa-
tion of atmospheric dynamics into numerical climate or 
weather prediction models is both a prerequisite for 
properly modelling the atmospheric CH4 cycle (pro-
gramme “Space”) or for assessing the climate impact 
of aviation or surface transport emissions (programmes 
“Aeronautics” and “Transport”). 
 
 

4.1 Atmospheric dynamics 

 
 
Atmospheric dynamics is a fundamental research area of 
the physics of the atmosphere. IPA will continue to con-
duct research in atmospheric dynamics at many temporal 
and spatial scales. The future research goals at IPA are 
focused around two themes: One focus is processes 
relevant for vertical coupling of the atmosphere, reaching 

from process studies of small-scale GWs to studies on the 
hemisphere-wide general circulation. The second focus is 
on processes relevant for atmospheric predictability, 
including research for improving the representation of 
the multiscale and nonlinear processes in GCMs, e.g. in 
NWP models, as well as for gaining a general under-
standing of the individual dynamic processes. 

Therefore, a broad spectrum of instrumental and 
numerical methods will be developed, refined, operated, 
and applied for research on both themes. It is this unique 
combination of methods at IPA that will enable research 
at the forefront of technological and scientific develop-
ments to advance research in atmospheric dynamics. 

4.1.1 Vertical coupling and small-
scale instabilities 

One main research question is the vertical coupling of 
the atmospheric layers by propagating GWs. Here, the 
focus is on two different processes. First, the planned 
HALO field campaign WAVEGUIDE will explore the 
focusing of internal GWs into the PNJ and their further 
downstream propagation in the jet core. For this pur-
pose, the airborne lidar ALIMA will be completed in the 
upcoming year. Its final design allows for temperature 
and wind measurements from 20 to about 100 km 
altitude. Using the worldwide unique combination of 
high spatial and temporal resolution with the horizontal-
ly resolved measurements of ALIMA, it is possible to 
investigate both the characteristics of the waves in terms 
of wavelengths, amplitude, horizontal structure, inter-
mittency as well as small-scale phenomena such as 
instabilities and the generation of secondary waves. 
Based on analysis of the collected data and model stud-
ies, it is planned to answer the question, which part of 
the spectrum of internal GWs dominates the energy and 
momentum transfer to the ambient flow. In preparation 
of these new, extensive studies, IPA will thoroughly 
analyse the existing data gathered during the recent 
field campaign SouthTRAC. Especially, the focus will be 
on the combination of ground-based and airborne ob-
servations with numerical simulations covering horizon-
tal resolutions from about 10 km (NWP-type models) to 
a few hundred meters in idealized studies. Moreover, 
the continuing profiling of the middle atmosphere by 
the CORAL instrument will allow for studying the inter-
mittency of GWs and climatological means. 

A second, new area of research is the preparation 
of a field campaign to investigate internal GWs above 
deep convective systems. Besides mountain waves, 
these vertically propagating GWs constitute one major 
class of GWs having the greatest influence on the 

Guiding questions: 

• What are the physical properties (in terms of 
wave properties, intermittency, sources) of 
internal gravity waves that dominate the 
energy and momentum transfer to the 
mean flow and account for vertical coupling? 

• How strong are the effects of vertical coupling 
on the tropospheric circulation quantitatively, 
both on climate and weather time scales? 

• How large is the range of uncertainty of the 
representation of the mid-latitude 
tropopause in climate and weather models 
and how relevant is this region for predicting 
high impact weather? 

• How do transport and mixing processes in 
the surrounding of extratropical weather 
systems shape the distribution of radiatively 
active trace gases at the tropopause?
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atmospheric circulation extending to the stratopause 
and above. They play a major role in transporting en-
ergy and momentum throughout the atmosphere; 
however, their influences are poorly understood and 
insufficiently modelled in current global circulation 
models. Airborne measurements are needed to address 
the stratospheric and mesospheric responses of con-
vective GWs in a wide area around the convective 
systems. For this purpose, airborne measurements by 
ALIMA are well-suited. In addition to the unprecedent-
ed measurement capabilities, numerical models (e.g. 
WRF or COSMO) are now available that can address 
the forcing by convective GWs at various spatial scales 
throughout the middle atmosphere. 

The goals of the planned airborne investigations are 
the quantification of the generation, propagation, and 
variability of convectively generated GWs in the strato-
sphere and mesosphere. Furthermore, IPA strives to 
identify and quantify the source dynamics that dictate 
the character of convectively generated GWs in the 
middle atmosphere. Finally, IPA aims to use experimental 
and numerical methods to quantify the mean-flow 
interaction, various instability dynamics and their effects 
in the middle atmosphere.  

Another interesting topic closely related to the 
planned airborne investigations is the exploration of 
convectively induced turbulence. This type of clear-air 
turbulence is a major hazard for aviation. IPA’s recently 
developed methods for analysing mountain-wave in-
duced turbulence will be applied to BAHAMAS (The 
Basis HALO Measurement and Sensor System) data. 
Moreover, IPA plans to upgrade the recent implementa-
tion of diagnostics for predicting CAT for convective 
sources in the ECMWF IFS. In this way, the ongoing 
statistical analyses for quantifying the fidelity of the IFS 
based on the SouthTRAC data and CORAL data can be 
easily extended for convective situations.  

4.1.2 Global atmospheric 
circulation 

Next to the detailed studies on GW processes, the sec-
ond main research question under the theme of vertical 
coupling is how strong – in a quantitative manner – the 
effects of stratosphere-troposphere coupling are on 
tropospheric circulation. This research question is rele-
vant both on climate timescales, as well as on weather 
timescales, linking to the second research theme on 
predictability. The coupling between stratosphere and 
troposphere is most prominently apparent for extreme 
states of the polar stratospheric vortex, which have been 
shown to affect surface weather in the following 
months (Section 3.1.2). Also long-term changes in the 
winter polar vortices are known to affect the surface 
climate, both in the Northern Hemisphere (through a 
weakening of the polar vortex) and in the Southern 

Hemisphere (through a delayed vortex breakdown date). 
The overall research goal is to both gain better under-
standing as well as quantify the influence of stratospher-
ic polar vortex long-term changes and variability on the 
mean tropospheric flow and on the occurrence of 
anomalous tropospheric flow pattern, respectively. 

 

 

Figure 4.1-1: Southern winter climatologies of zonal 

mean wind for conditions of year 2000 (black contours) 

and differences between conditions of year 2100 and 

2000 (coloured contours) for a set of reference simula-

tions (top), and simulations with orographic GWs pa-

rameterization omitted (bottom). 

 
To shed more light upon the processes of polar 

vortex changes and their coupling to the tropospheric 
circulation, the recently established dynamical core 
model (EMIL, within the EMAC model hierarchy, 
Section 2.5) is the ideal tool. The idealized model will 
be utilized to enhance process understanding of 
changes observed in simulations with the full model, 
in particular the EMAC simulations performed in 
support of CCMI / CMIP6. Besides the dynamical 
coupling, the feedback between transport changes of 
chemical constituents (e.g. O3) and their radiative 
effect on the circulation will be a research focus in 
the next years.  

While the strengthening of the stratospheric over-
turning circulation in a climate with enhanced GHG 
concentrations is a robust result across circulation and 
climate models (Section 3.2.1), the projected polar 
vortex changes are widely uncertain. In particular, the 
representation of GWs has a strong effect on polar 
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vortex dynamics: as shown in Figure 4.1-1, the mean 
Southern Hemisphere polar vortex is not only stronger 
in a simulation that omits orographic GWs, but its 
strength also increases more strongly between year 
2000 and 2100 in the simulation without orographic 
GWs. In particular in the Southern Hemisphere, GW 
activity is currently not well represented in global mod-
els: GW activity has a local minimum around 60°S in 
the models, while observations indicate a maximum in 
GW activity in this latitude band. To assess the role of 
uncertainties in the representation of GWs on the 
stratospheric circulation, and the resulting effects on 
tropospheric climate and climate change is a major 
goal for the coming years. This activity will build on the 
combined expertise in global modelling, high resolu-
tion modelling, and observationally based GW studies 
at IPA (Section 3.1.2). 

As on climate timescales, an anomalous weak 
(strong) polar vortex event within one winter season is 
associated with tropospheric circulation anomalies and 
a negative (positive) phase of the North Atlantic oscilla-
tion. This link is of particular interest on timescales of 
weeks to months because the occurrence of a strato-
spheric extreme event can provide a source for extend-
ed-range predictability. 

In this area, the next years' research focus will there-
fore be to quantify the impact of stratospheric extreme 
events on the predictability of mid-latitude extreme 
weather events, and to understand under which condi-
tions the stratospheric influence is particularly strong. 
This topic links the research on the vertical coupling 
theme to research on the theme of predictability. 

4.1.3 Transport processes and 
predictability  

Future research will focus on the mid-latitude tropo-
pause being a region of central importance for the 
mid-latitude circulation that, however, exhibits in-
creased model uncertainties and errors (Section 3.1.2). 
A reliable representation of the tropopause in NWP 
models is crucial for correctly predicting High Impact 
weather (e.g. storms, droughts, floods). Beyond the 
relevance for weather, the distribution of radiative 
active trace gases like water vapour and O3, that is 
strongly driven by tropospheric and stratospheric 
transport as well as related exchange processes at the 
tropopause, is of great importance for climate.  

In this subject area the unique and independent li-
dar profile data set obtained during recent field exper-
iments (e.g. NAWDEX, WISE) will allow a substantial 
contribution within the next years. These vertically 
resolved profiles are essential for the quantification of 
systematic tropopause-based uncertainties. It will be 
investigated how uncertainties of different parameters 
like wind, water vapour and temperature are related 

and how they are distributed and influenced by the 
dynamics of the recurring weather systems shaping the 
mid-latitude circulation. Their role for weather predic-
tion will be addressed.  

Figure 4.1-2 shows an example of the observed 
and modelled water vapour distribution, with the NWP 
model showing increased moisture in the lower strato-
sphere and weaker vertical gradients across the tropo-
pause (thick black line). 

 

 

Figure 4.1-2: Water vapour cross section from ECMWF 

simulations (top) and DIAL lidar observations (bottom) 

during an ML-CIRRUS research flight. Thick black line 

marks the dynamical tropopause. Thin black lines are 

potential temperature contours. 

 
It will be examined how additional observations in 

this area impact the tropopause structure in NWP 
models, which will help to establish potential new 
requirements for future satellite observations with 
active remote sensing techniques. Transport processes 
and exchange processes in the surrounding of mid-
latitude weather systems will be investigated using the 
combination of water vapour and O3 profiles in order 
to better understand the trace gas distribution around 
the tropopause (links with Section 4.2). This work will 
also support and prepare the science focus of the 
future HALO campaign NAWDIC (North Atlantic 
Waveguide, Dry Intrusion, and Downstream Impact 
Campaign) planned for winter 2023/2024 and is linked 
to large national (DFG-collaborative projects Waves to 
Weather and HALO SPP) and international (NAWDEX, 
WMO HIWeather) projects. 

An important contribution to future research in at-
mospheric dynamics is found in IPA’s ability to develop 
and apply airborne wind-lidar instruments using coher-
ent and direct-detection technologies (Section 2.2) 
covering all steps from the sensor development through 
the design and application of airborne wind lidars to 
the scientific exploitation and analysis of the data. Re-
cent work contributed strongly to ESA’s Aeolus wind-
lidar mission that was launched in 2018 and focusses 
on atmospheric dynamics and weather prediction (Sec-
tion 3.1). IPA established and coordinates the Aeolus 
DISC in cooperation with ECMWF, Météo-France, KNMI 
and industrial partners. This will be continued for the 
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next years with the aim to develop methods for the 
retrieval of wind profiles from Aeolus with focus on 
characterization and correction of systematic biases. 
This aims in enhancing the operational use of Aeolus 
data for NWP and demonstrating the positive impact 
for weather forecast by use of this novel observation 
type and thus fulfilling the mission objective. In order to 
validate Aeolus wind products, field experiments with 
satellite underflights of the DLR Falcon aircraft will be 
conducted using the airborne 2-μm und A2D wind 
lidars. Beyond the primary use of Aeolus observations 
for NWP purpose, it is planned to exploit this data set 
for studies in stratospheric dynamics focusing on GWs 
and quasi-biennial oscillation. 

IPA’s key role in supporting the Aeolus mission will 
foster the development of an airborne demonstrator 
for validation of new technological concepts of opera-
tional Aeolus follow-on missions. ESA and EUMETSAT 
will be supported in the definition of user requirements 
and instrument design. Additionally Aeolus and air-
borne wind-lidar observations are used to develop new 
methods for research on atmospheric dynamics, e.g. 
stratospheric winds, GWs and quasi-biennial oscilla-
tion. A feasibility study for combined airborne wind 
and trace gas measurements to determine horizontal 
and vertical fluxes is envisaged, which is key for both 
weather and climate purposes. 

 
 

4.2 Atmospheric trace gases 

 

Despite their low abundance in the atmosphere, many 
trace gases play a crucial role for atmospheric process-
es, involving atmospheric dynamics and atmospheric 
chemistry. Of particular importance are the influences 
of trace gases on the radiation budget and thus on 
climate.  

Research at IPA is focused on the GHGs CO2 and 
CH4, on water vapour and short-lived species. The 
influence of these trace gases on the atmosphere is 
investigated on a wide range of temporal/spatial 
scales from local process studies to global effects 
making use of a comprehensive set of methods in-
volving in-situ measurements, remote sensing and 
modelling. IPA has access to the research aircraft DLR 
Cessna, DLR Falcon and HALO, allowing measure-
ments on the local to regional scale extending to the 
upper troposphere and lower stratosphere. In addi-
tion, IAGOS-CARIBIC offers a near global coverage of 
measurements and long-time series. The models 
EMAC and MECO(n) cover the global and regional 
scale, respectively, while ICON/MESSy is currently 
under development in order to allow global to local 
simulations in the future.  

To support the research across methods and de-
partments IPA has established three matrix groups 
each dedicated to one of the topics: CO2 and CH4, 
water vapour and short-lived trace species.  

4.2.1 Carbon dioxide and methane 

CO2 and CH4 are the two most prominent anthropo-
genic GHGs and thus play a key role for our climate. Of 
critical importance concerning CO2 are the not fully 
understood ocean and land sinks, and, concerning 
CH4, the unclear changes in the atmospheric growth 
rate in the past decades.  

Quantifying anthropogenic CO2 and CH4 emissions 

One-third of all anthropogenic CO2 emissions stem 
from localized point sources, in particular power 
plants. The Paris climate agreement requires inde-
pendent measurements to verify each nation’s emis-
sion reports, referred to as nationally determined 
contributions (NDCs). Currently, there is no independ-
ent global emission verification system available. 
Planned satellites such as the European Carbon Con-
stellation, CO2M, will be supported by IPA, e.g. 
through airborne validation activities. CO2M will be 
able to detect large power plants and megacities, but 
will miss medium-sized power plants and thus, a large 
fraction of all point source emissions. To complement 
the CO2M observations and to gain access to medi-
um-strength power-plant emissions from space, a 
future satellite concept is investigated within the IPA-
led DLR project CO2Mon. The idea is to synergistically 
combine a compact passive spectrometric instrument 

Guiding questions: 

• What and how large are the sources, sinks, 
transport paths and the resulting variability 
of CO2, CH4 and water vapour in the UTLS? 

• How large are the anthropogenic and the 
natural contributions to CH4 emissions and 
how do the natural emissions change in a 
changing climate? 

• How large is the contribution of water 
vapour to the climate sensitivity, radiative 
forcing and feedback both in the UTLS and in 
the tropical troposphere and how does this 
contribution change in a changing climate? 

• How large is the (indirect) climate impact of 
short-lived trace gases taking also into 
account their impacts on the oxidation 
capacity of the troposphere and on the 
lifetime of CH4 and SO2? 

• What are promising mitigation options when 
dealing with air quality and climate 
mitigation targets simultaneously? 
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(CO2Image) optimized for sub-plume resolution imag-
ing of CO2 point sources with a CO2 measuring lidar 
to improve the spectrometer accuracy. It is worth 
noting that recently, the mission proposal of a 
CO2Image demonstrator spectrometer, suggested by 
IPA in close collaboration with other DLR institutes 
and the University of Heidelberg, was selected for 
Phase-A of the DLR compact satellite programme (to 
be finished by the end of 2020; Section 2.3).  

Plume emissions from point sources are also targets 
for the airborne CO2 and CH4 lidar CHARM-F, which 
was successfully operated during the CoMet 1.0 mis-
sion in 2018 (Section 3.1.3), and which is scheduled 
for similar forthcoming experiments. The key question 
is how to obtain precise emission rates from plume 
overflights given the omnipresent turbulence which 
distorts the plume. Figure 4.2-1 shows exemplary for a 
CoMet 1.0 case study that in the absence of turbu-
lence a single night-time overflight suffices. In contrast, 
during daytime several overflights are required to 
quantify emission rates with an uncertainty of less than 
10 %, and day to day variations in the uncertainty are 
high. This preliminary result from the first CoMet 1.0 
campaign will be verified in future experiments under 
different meteorological conditions. Finally, lidar in-
strument improvements are foreseen, e.g., using high-
er pulse repetition rates for finer plume sampling, and 
adding a wind lidar to obtain the plume wind speed, a 
critical parameter for emission quantification.  
 

 

Figure 4.2-1: CO2 emission rate uncertainty of simulated 

lidar power plant plume overflights. The vertical brown 

line shows the CHARM-F measurement time. 

 
One of the main contributing sectors to atmos-

pheric CH4 emissions is fossil fuel production and 
therefore, many recent studies focus on a better 
quantification of emissions from oil and natural gas 
production areas, mainly in the U.S. To complement 
these studies, IPA will lead several airborne in-situ 
measurement experiments (Section 3.1.3) to investi-
gate emissions from oil and gas exploration activities 

in other large producing regions world-wide, includ-
ing e.g. the Gulf of Guinea and the Caspian Sea, but 
also in Europe. The airborne in-situ studies are gov-
erned and co-financed by the United Nations Envi-
ronmental Programme (UNEP). The collected data 
will be used to verify reported emissions and will 
help to implement actions and policies to reduce CH4 
emissions. Furthermore, in-situ derived column con-
centrations will be used for comparisons with the 
Sentinel-5P mission. 

Quantifying natural CO2 and CH4 emissions 

Arctic amplification, the above average surface tem-
perature increase, leads to accelerated soil emissions of 
both CO2 and CH4. In addition, boreal and tropical 
wetlands are a major and highly varying source of CH4. 
To support this research endorsed by the WCRP Grand 
Challenge on Carbon Feedbacks in the Climate System, 
the HALO campaigns CoMet 2.0 and Circle are intend-
ed to carry CHARM-F to these remote and under-
observed regions in order to quantify regional emis-
sions by measuring the regional-scale anomalies and 
gradients of both CO2 and CH4, with support of in-situ 
measurements on board HALO and atmospheric mod-
elling. The latter will comprise regional modelling of 
CO2 and CH4 to improve forecasts for flight planning 
and scientific analysis, including isotopologues for CH4. 
For CO2 modelling biogenic fluxes need to be incorpo-
rated into the model with the help of external partners. 
Modelling progress at IPA will include the transition 
from EMAC to ICON / MESSy (LES) with Lagrangian 
trajectories (LAMETTA). The development of an atmos-
pheric DIAL is foreseen, providing vertical profiles of 
CO2 and CH4 instead of column values. With respect to 
airborne in-situ measurements, IPA foresees to extend 
the measurement capabilities of the current key in-
strument based on laser absorption (Section 2.4.1) to 
the measurement of the stable 13CH4 isotopologue, 
which will help to distinguish CH4 emissions related to 
different source types. 

Validating the MERLIN CH4 space lidar mission 

A comprehensive validation strategy for MERLIN, the 
German-French CH4 mission (also Section 2.2.1), has 
to be set up and tested well before the launch date, 
foreseen in 2025. In a similar way as currently with 
the Aeolus mission, IPA will play a major role in the 
MERLIN validation with the CHARM-F lidar as the 
MERLIN airborne demonstrator. Airborne in-situ in-
strumentation and the TCCON network will complete 
the key validation observations. MERLIN relies on 
inverse modelling to produce regional emission maps 
from the measured column concentrations, as illus-
trated in Figure 4.2-2. Consequently, the develop-
ment of a tool for global inversion of CH4 (including 
isotopologues) taking into account the OH mixing 
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ratios of the models is foreseen. In parallel, global 
modelling of CH4 to understand the global CH4 
budget including isotopologues from sources to sinks, 
as well as H2O and CO2, will be performed with re-
cently developed CH4 modules. Finally, the role of 
CH4 as a radiative feedback component and the re-
spective impact on climate sensitivity will be investi-
gated using an advanced EMAC model setup. 
 

 

Figure 4.2-2: Right: Illustration of the use of MERLIN 

data to infer regional CH4 emissions by means of inverse 

modelling. Left: MERLIN is expected to provide consid-

erable uncertainty reduction on CH4 emissions with 

respect to the current observing system. 

 

4.2.2 Water vapour 

Water vapour is one of the most important trace gases 
in Earth’s atmosphere due to its large influence on the 
radiation budget and atmospheric dynamics. The over-
arching scientific questions regarding water vapour 
that are targeted at IPA are included in the first and 
third point of the Guiding questions at the beginning 
of this section. With respect to these questions the 
following work is proposed for the next years.  

The change in troposphere-stratosphere exchange 
processes, which have been targeted in recent cam-
paigns such as SouthTRAC, will also be topic of future 
HALO activities. Besides isentropic mixing, air mass 
exchanges between troposphere and stratosphere can 
also be triggered by GWs. The influence of such waves 
on the water vapour budget in the upper troposphere 
and lower stratosphere will be one of the topics cov-
ered in the HALO campaign CIRRUS-HL (Table 2.1-3). 
Together with the HALO project (AC)3, this campaign 
will also target the interaction between water vapour 
and Arctic clouds in different altitudes. 

In the tropics, it is foreseen to pursue HALO lidar 
experiments investigating the impact of tropospheric 
water vapour on clouds and radiation (TOOC1 mis-
sion; Table 2.1-3). Shallow convection in the tropics, 
the myriads of small low-level trade wind clouds, is 
known to pose significant challenges to climate mod-
els due to largely unknown feedbacks in a warmer 

atmosphere (WCRP Grand Challenge on Clouds, 
Circulation and Climate Sensitivity). Small- to 
mesoscale radiative effects, circulations and water 
vapour distributions interact with each other and with 
the cloud cover in unknown ways. Figure 4.2-3 gives 
evidence of the high small-scale variability of the 
water vapour distribution in the trades, both locally 
and in the vertically integrated columns. The meas-
urements were compared to ICON model simulations 
from the MPI for Meteorology, Hamburg, in order to 
assess the ability of a high-resolution model to repro-
duce the observed variability. First results are encour-
aging and open the perspective to advance our un-
derstanding of the fundamental small-scale (thermo-) 
dynamical and radiative processes involved. 

 

 

Figure 4.2-3: Top: WALES water vapour lidar curtain 

through a shallow tropical broken cloud scene below 

the trade inversion (at 3 km) on 19 December 2013. 

Bottom: total (black) and partial water vapour columns 

in the boundary layer (red), cloud layer (green) and free 

atmosphere above the trade inversion (blue). 

 
Recently, a proposal to put a water vapour lidar, 

Q-sat, on an Earth Explorer satellite has been submit-
ted to ESA. The mission was not yet selected, but 
obtained a very high scientific ranking so that it will 
likely be proposed again soon. Simultaneously observ-
ing aerosol and clouds is attractive to improve our 
understanding of the tropical radiation budget, and 
to investigate the water vapour distribution in the 
troposphere and the UTLS, topics closely related to 
HALO lidar and in-situ research in IPA. Lastly, in con-
nection with the previous subsection, parts of the 
carbon cycle depend on the hydrological cycle. More 
accurate and denser water vapour observations will 
advance our knowledge on water supply to wetlands, 
major sources of CH4, particularly in the tropics.  
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The innovative airborne measurements and even 
more the upcoming satellite water vapour measure-
ments are intended to enable the analysis and valida-
tion of GCM ensembles with focus on cloud-water 
vapour feedbacks, climate sensitivity, variability and 
trends in water vapour. 

Another focus for water vapour measurements will 
be the high latitudes since the influence of water va-
pour, e.g. on arctic amplification, the above-average 
rise of temperatures in the Arctic, is of rising interest. 
This topic will be one of the aims in the upcoming 
HALO campaigns CIRRUS-HL and HALO-North.  

 

 

Figure 4.2-4: Discrepancy between ECMWF and meas-

ured water vapour (in-situ) at the tropopause. 

 
An extensive data set of highly accurate airborne 

water vapour measurements will further enable to 
analyse model performance also in the context of 
NWPs like ECMWF. In the past, large discrepancies 
between observation and model have been found at 
and directly above the tropopause (Figure 4.2-4, 
comparison of in-situ water vapour measurements 
with ECMWF during ML-CIRRUS on HALO). In that 
region, a systematic wet bias in the order of 100% is 
apparent in the figure at mixing ratios below 20 
ppm, which are characteristic for the tropopause and 
lower stratosphere. At higher mixing ratios, the 
mean model values agree within 10% with the ob-
servations. The analysis of both instrumental and 
model uncertainties will be targeted using the exten-
sive data set from past and future aircraft cam-
paigns, satellite data and model time series in order 
to obtain a more robust understanding of trends and 
variability of water vapour. This work will be embed-
ded in the SPARC initiative OCTAV-UTLS (Observed 
Composition Trends And Variability in the Upper 
Troposphere and Lower Stratosphere). In order to 
reduce the instrumental uncertainties in the in-situ 
water vapour measurements, IPA intends to develop 
a new airborne water vapour sensor for the simulta-
neous detection of gas phase water vapour and 
condensed water in clouds to be operated on both 
research platforms HALO and DLR Falcon. 

4.2.3 Short-lived trace gases 

Short-lived trace gases can alter the radiative budget of 
the atmosphere, either directly, e.g. active species like O3 
or CFCs, or indirectly, e.g. O3 precursors like NOx and 
VOCs. Moreover, trace gases like NOx, O3, VOCs and SO2 

control the oxidation capacity of the atmosphere and 
therefore atmospheric photochemical lifetimes, e.g. of 
CH4. Beside the climate impacts of short-lived trace gas-
es, they are relevant for air quality, as primary or second-
ary pollutants, linking local and regional effects to global 
impacts including climate change. Accordingly, the scien-
tific questions listed in points four and five of the Guiding 
questions of this section are tackled with a wide variety 
of methods (Figure 4.2-5).  
 

 

Figure 4.2-5: Schematic illustration of the impacts of 

short-lived trace gases on the atmosphere. As horizon-

tal axis an approximate lifetime of the impacts is given, 

reaching from short-term (regional impacts of, e.g. NOx) 

to long-term global impacts (e.g. changes of the oxida-

tion capacity). IPA has access to a wide range of obser-

vational platforms and models, which are able to cover 

the wide range of scales. 
 

The chemical composition of the atmosphere is con-
trolled by many different processes. Of special im-
portance are so called key-regions, where the emissions 
are extraordinarily high or key atmospheric processes 
occur. To strengthen our understanding of physical and 
chemical processes (e.g., deep convection, long-range 
transport, photochemistry and emissions) in such re-
gions, IPA will perform measurement campaigns in 
selected key regions (e.g. Europe, West and Central 
Asia) and measure (in collaboration with national and 
international partners) a large variety of trace gases like 
reactive nitrogen species, O3, CO, SO2, HNO3, hydro-
chloric acid (HCl) and others. In detail, it is planned to 
participate in HALO and DLR Falcon measurement 
campaigns that will be performed in various regions of 
interest, for example the Arctic, northern and southern 
mid-latitudes, the Asian monsoon region and others. 
Further, stratospheric tracers (HCl, HNO3) will be meas-
ured for the quantification of transport processes in the 
high- and mid-latitude UTLS. 
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These local measurements will be combined with 
simulation results of MECO(n) (Section 2.5), which help 
to set the local measurements in a regional and global 
context. Process descriptions of the model can be evalu-
ated first on the regional scale and will help to improve 
the model on the global scale.  

By participating in the multi-model initiatives CMIP6 
(AerChemMIP) and CCMI2, IPA will contribute to global 
hind-cast and projections of the climate and the atmos-
pheric composition, which helps to characterise the 
behaviour of EMAC compared to other model systems. 
As climate change and air quality are intertwined, 
CCMI2 and CMIP6 focus also on air quality related 
issues. With MECO(n), IPA is well prepared to investigate 
air quality and climate change concurrently. Therefore, 
specific episodes of CMIP6 and CCMI2 will also be simu-
lated with MECO(n) to downscale the global model 
projections, which will also help to analyse potential 
mitigation options for transport modes with respect to 
climate change and air quality.  

Besides actively participating in initiatives like CMIP6, 
IPA will further investigate the robustness of the model 
projections with respect to the short-lived chemical 
species. The developments of ICON/MESSy (Section 2.5) 
will help to participate in similar multi-model initiatives in 
the future with this new model system. 

A central research topic of IPA is the investigation 
of the impact of transport related emissions on climate 
and air quality (Section 4.5.3). For reliable estimates of 
the anthropogenic contributions, the natural emissions 
must be well known. Hence, implemented process 
descriptions of the natural emissions (e.g. from light-
ning-ignited fires, NOx from lightning and soil) in the 
model will be improved and the source apportionment 
(TAGGING, Section 2.5) further developed. This will 
help to provide new estimates of contributions and the 
related uncertainties of transport emissions to air quali-
ty and climate. In this context the long-term observa-
tion of IAGOS-CARIBIC are of importance, which offer 
a unique data set of high resolution in-situ data in the 
UTLS region. The combination of near global meas-
urements in key regions in the UTLS and global model 
results can help to analyse anthropogenic contributions 
(e.g., aviation, land transport) of the measured trace 
gas mixing ratios.  

Known uncertainties in emission inventories com-
pared to satellite measurements (OMI, TROPOMI) in SO2 
hot spot regions (e.g. related to power plants, oil & gas 
processing and smelters) will be validated with airborne 
in-situ measurements within the framework of the DLR 
Falcon field experiments METHANE-To-Go. Furthermore, 
validation flights are planned in regions with volcanic 
SO2. By combining these measurements with regional 
MECO(n) model simulations, the photochemical lifetime 
of both,CH4 and SO2 emissions (from oil & gas industry), 
will be obtained and furthermore the contribution to the 
regional CH4 and SO2 budget. 

4.3 Aerosols 

 
 
Atmospheric aerosols play an important role in the 
climate system. They impact climate directly by inter-
acting with radiation and also indirectly, especially by 
modifying clouds. Despite their potentially large rele-
vance, aerosols still pose one of the largest uncertain-
ties in the understanding of climate change. Aerosols 
are highly relevant also for many other aspects. They 
can severely reduce air quality resulting in adverse 
effects on human health. Being key players in cloud 
and precipitation formation, aerosol particles have 
important influences on weather. They also affect 
aviation efficiency and safety by inducing chemical and 
mechanical aging of aircraft engines and can, in the 
form of volcanic ash, even cause engine failure. 

In the light of this large variety of important im-
pacts, atmospheric aerosols are a key research topic of 
the institute, covering the characterization of their 
properties and spatio-temporal distribution (Sections 
3.1.1, 3.1.3) as well as the analysis of their effects on 
atmospheric composition and climate (Section 3.1.1). A 
central aim of IPA is to increase the understanding of 
the climatic impact of aerosol particles from aviation, 
land-based transport and shipping (Sections 3.2.1, 
3.3.1). The exploration of these transport-induced 
effects as well as the preparation and accompaniment 
of the upcoming EarthCARE satellite mission are the 
major motivations for IPA’s aerosol research in the next 
years. The activities will be embedded in major DLR 
projects (e.g. MABAK, TraK, Eco2Fly, Future Fuels and 
corresponding follow-up activities) as well as ongoing 
third-party funded projects (e.g. EU project ACACIA). 

The aerosol research of IPA benefits from a broad 
spectrum of methods including (i) aircraft-based in-situ 
measurements (Sections 2.1, 2.4); (ii) aircraft- and satel-
lite-based remote sensing (Sections 2.1, 2.2); and (iii) 
global, regional, and process modelling (Section 2.5). 
The interaction of these methods is coordinated by the 
IPA matrix group “Effects of aerosols on climate”. 

Guiding questions: 

• What are the microphysical, chemical and 
optical properties of atmospheric aerosols 
and how do they change during the aerosol 
life cycle? 

• How do anthropogenic emissions, 
particularly from the transport sectors, 
impact atmospheric aerosols? 

• What are the effects of atmospheric aerosols 
on clouds, radiation and climate? 

• What are the specific effects of transport-
induced aerosols?
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4.3.1 Aerosol properties and  
life cycle 

A major aim of IPA is a detailed characterization of 
the microphysical, chemical, and optical properties of 
atmospheric aerosols as well as their spatial and tem-
poral distribution. The analysis of these basic aerosol 
characteristics will be carried out in conjunction with 
targeted investigations of key processes driving the 
life cycles of different aerosol types. The combination 
of data from aircraft-based in-situ and lidar meas-
urements, satellite observations, and modelling on 
different scales will enable to utilize the respective 
strengths of the different methods to achieve maxi-
mum synergies. 

In-situ observations as well as active and passive 
remote sensing measurements of aerosol properties 
and life cycle were performed during the A-LIFE and 
EMeRGe aircraft campaigns (Table 2.1-2) and will also 
be subject of planned measurements (TOOC1, CIR-
RUS-HL, HALO-South and ECVAL; Table 2.1-3). The 
acquired data will be analysed to study the evolution 
of optical and microphysical properties of different 
aerosol types. The objective is to link remote sensing 
and in-situ measurements to fully characterize the 
aerosols for a better quantification of their radiative 
effects. To facilitate this, an extension of the in-situ 
aerosol measurement capabilities is planned to re-
trieve aerosol optical properties directly. An important 
milestone will be the EarthCARE validation campaign 
ECVAL. EarthCARE will provide global observations of 
aerosol properties with an advanced performance 
level. To ensure the quality of these observations as 
well as to improve our understanding of optical and 
microphysical aerosol properties, the ECVAL airborne 
measurements will be performed in the first year after 
EarthCARE launch for an extensive preparation and 
validation of EarthCARE measurements and products. 
In addition to these activities, retrievals for the detec-
tion of volcanic ash based on MSG satellite data will 
be further developed and extended to cover also 
mineral dust particles, to support climate model eval-
uation and the activities on aviation safety described 
in Section 4.5.2. 

The global CCM system EMAC (Section 2.5) with 
the aerosol submodel MADE3 will be applied to simu-
late the spatio-temporal distribution of different aero-
sol types. Specific model calculations will be performed 
to quantify aerosol modifications resulting from an-
thropogenic emissions, including targeted simulations 
to characterize aerosols induced by aviation, land-
based transport and shipping, as a basis for further 
transport-related investigations described in Section 
4.5. IPA’s efforts to characterize ice nucleating aerosols 
will be continued, including specific studies on particles 
from aviation. Model improvement efforts are intended 

to focus on key processes controlling the aerosol size 
distribution and number concentration, to provide a 
reliable basis for aerosol impact studies (Section 4.3.2). 
Particular efforts will be concentrated on improving 
model representations of new particle formation and 
growth as well as subgrid-scale aerosol transfor-
mations, e.g. in urban plumes, utilizing regional aero-
sol simulations with MECO(n) (Section 2.5), and the 
aircraft-based in-situ measurements. 
 

 

Figure 4.3-1: Synergies from combination of aerosol 

model simulations and observations. The example 

shows data from global modelling, in-situ measure-

ments, and lidar observations. The joint analysis of 

such data sets facilitates the interpretation of meas-

urements as well as the identification and reduction of 

model biases. 

 
The combination of observations and modelling 

will play a central role in these investigations. While the 
model simulations will be a basis for interpreting ob-
served large-scale aerosol patterns and the roles of 
specific processes in their evolution, the observations 
will be extensively applied to identify and minimize 
model biases as well as to improve the model represen-
tation of subgrid-scale aerosol transformations (Figure 
4.3-1). These close methodical interactions will allow 
the elaboration of a more robust data base for use in 
aerosol impact research on air quality, weather, cli-
mate, as well as aviation safety and operation. In the 
next five years, particular emphasis will be placed on 
investigations of aerosol effects on climate, which is 
described in more detail below. 
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4.3.2 Aerosol effects on clouds and 
radiation 

Another central aim of IPA is to reduce the still per-
sisting large uncertainties on the role of aerosols in 
anthropogenic climate change. Therefore, the re-
search activities on direct aerosol-radiation interac-
tions will be further strengthened. In addition, aero-
sol effects on liquid and ice clouds and the resulting 
radiative impact will be explored in close interrelation 
to the studies described in Section 4.4. As a basis for 
in-depth transport research activities (Section 4.5), 
the effects of anthropogenic aerosol changes will be 
investigated, with a special focus on the impact of 
transport-induced aerosols. 

Combined aerosol and cloud particle measure-
ments will be conducted during the CIRRUS-HL, 
TOOC1 and AEROCLOUD experiments (Table 2.1-3). 
Those observations together with former findings 
from the DACCIWA, NARVAL, EUREC4A and A-LIFE 
missions (Table 2.1-2) will be used to study processes 
of aerosol-cloud interaction. Central topics of these 
studies will be the indirect aviation effect on cirrus 
and aerosol effects on mixed-phase clouds, including 
specific investigations on the role of dust particles in 
the evolution of convective systems to increase the 
knowledge about the driving mechanisms of the 
climate system. 

Global modelling studies with EMAC-MADE3 (Sec-
tion 2.5) will include new representations of ice nucle-
ating particles as a basis for more reliable results on 
potential ice cloud modifications by anthropogenic 
aerosols. Advanced representations of aerosol formation 
and growth will be applied to improve the simulations of 
aerosol effects on liquid (low-level) clouds. 

The modelling and measurement activities will be 
combined to explore aerosol-cloud-radiation interac-
tions in more detail: Comparisons with observational 
data, including also upcoming external data sets, e.g. 
EarthCARE, will enable model adjustments towards 
more realistic representations of aerosol-sensitive 
cloud properties. Another important facet of this 
research will be the interpretation of observed corre-
lations between aviation soot pollution and cirrus 
microphysical and optical properties (Section 3.2) by 
means of model calculations. 

These combined modelling and measurement ac-
tivities will aim to improve climate predictions and 
result in new quantifications of the climate impact of 
anthropogenic aerosols for present-day conditions 
and possible future developments. This will enable 
more reliable studies of the climate effects of aviation 
and ground based transport, as a major prerequisite 
for the development of measures to mitigate 
transport-induced climate change (Section 4.5). 

4.4 Cloud physics 

 
 
Clouds play a major role in the radiation budget of 
the Earth since they reflect radiation to space and 
modulate thermal radiation depending on their mi-
cro- and macrophysical properties. Clouds have a 
significant impact on atmospheric dynamics and 
largely control the stratospheric water budget. Fur-
thermore, clouds react strongly to atmospheric varia-
bility and climate change and constitute a major 
climate feedback component. According to WCRP, 
the uncertainties related to the role of clouds in cli-
mate sensitivity are substantial. Besides its research 
on clouds, with focus on ice clouds, IPA will further 
pursue studying air traffic-induced changes in upper 
tropospheric cloudiness and its climate impact as well 
as mitigation strategies (Section 4.5), areas of out-
standing IPA expertise. The research activities pre-
sented in this section are closely related to those in 
Section 4.2 (water vapour) and 4.3 (aerosols). Further, 
IPA’s matrix group “natural clouds” actively moder-
ates and supports the exchange of information across 
departments and encourages cooperation. 

In the future, IPA will continue to use a wide range 
of approaches to study cirrus clouds and their anthro-
pogenic perturbations. New in-situ measurements and 
active and passive remote sensing, including synergistic 
retrievals, form the basis for radiative transfer model-
ling, process studies and modelling efforts spanning a 
range of different resolutions.  

Guiding questions: 

• How is the upper tropospheric cloudiness 
coupled to atmospheric dynamics and how is it 
impacted by climate change?  

• Which processes determine the life cycle of 
natural clouds and thus influence the water 
and radiation budget? 

• What are the properties of young contrails 
and how do they depend on aircraft 
emissions and the atmospheric state? 

• How does contrail formation outside and 
inside cirrus modify cirrus cloudiness and 
what is its impact on cloud radiative 
forcing? 

• What is the benefit of EarthCARE for the 
understanding of cloud-aerosol-radiation 
interactions? 

• How can we validate and exploit synergistic 
lidar-radar observations for ice cloud 
research?
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4.4.1 Natural clouds 

Ice clouds 

The assessment of the role of anthropogenic clouds in 
the climate system must be based on a fundamental 
understanding of natural cloud processes and proper-
ties. Major questions in the future are centred on cirrus 
cloud micro- and macrophysical properties and ice 
supersaturated regions in a changing climate.  

A cirrus scheme that consistently describes cirrus 
micro- and macrophysics, including cloud formation, 
properties and ice supersaturation, must be the 
foundation for simulations regarding aerosol-cloud 
interactions and contrail cirrus. Within ICON-GCM, 
IPA develops a prognostic ice cloud scheme (Figure 
4.4-1) that will improve the representation of ice 
supersaturation and aviation-induced cloud perturba-
tions (Section 4.4.2). 
 

 

Figure: 4.4-1: Ice cloud cover tendency due to convection 

[s-1] in a prognostic cloud scheme in the ICON-GCM. 

 
Simulations of convective anvils, a major source of 

ice clouds and a major uncertainty in climate change 
simulations, will be evaluated and improved using 
active and passive remote sensing. As convection and 
its impact on the upper tropospheric water budget in 
particular and clouds in general are notoriously difficult 
to simulate in low resolution models, the help of high 
resolution modelling will be sought after. Models with 
a resolution of up to a few kilometres resolve the rele-
vant cloud scale dynamics and can be shown to better 
reproduce cloud and precipitation statistics. IPA will 
contribute to the evaluation of such high resolution 
models. IPA’s approach using models of varying resolu-
tion is matched by the observational platforms at hand. 
This is a key strength of cloud research at IPA. Observa-
tions together with high resolution simulations will 
serve as a basis to improve low resolution modelling 
regarding its cirrus parametrization. 

New measurements of cloud microphysical proper-
ties on DLR Falcon and HALO (Section 2.4) in concert 
with new accurate satellite retrieval algorithms that 
exploit machine learning techniques (Sections 2.3, 2.7 
and 4.6) shall improve the knowledge on cirrus. Com-
bining modelling and observational approaches IPA will 
investigate natural cirrus clouds in different dynamical 
regimes with focus on anvil cirrus (Figure 4.4-2) and 
cirrus in high latitudes. Those cloud types are particu-
larly relevant for climate and at the same time the RF 
uncertainties related to them are large. The IPA-
coordinated HALO mission CIRRUS-HL (Table 2.1-3) will 
provide observations on Arctic ice cloud properties and 
related microphysical processes, including dynamical 
effects and aerosol-cloud interactions. This is thought 
to further our understanding of their contribution to 
the Arctic amplification. 
 

 

Figure 4.2-2: Temporal evolution of anvil spatial exten-

sion from isolated convective cells in mid-latitudes as 

seen from MSG as a function of convective strength 

(colour coded) and lifetime.  

 
Research studies will be pursued to further under-

stand cirrus processes, in particular the relative contri-
bution of heterogeneous versus homogeneous ice 
nucleation. With a recently developed microphysical 
cirrus model with meter-scale vertical resolution IPA 
will capture the impact of vertical inhomogeneous 
atmospheric parameters, such as relative humidity, GW 
induced temperature fluctuations and a supersatura-
tion- and size-dependent water vapour deposition 
coefficient on nucleation (Figure 4.4-3). 
 

 

Figure 4.4-3: Simulated vertical profiles of ice number 

density (n), mean ice crystal diameter (D), and ice satura-

tion ratio (S) 18 min after homogeneous freezing at 10.23 

km altitude for (black) fixed and (magenta) variable 

water vapour deposition coefficients (α). 
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Boundary layer and mixed phase clouds 

Boundary-layer clouds have a strong impact on the net 
radiation budget and cover a large fraction of the 
global ocean. In particular both satellite observations 
and modelling of broken shallow clouds is a challenge. 
Further, the role of polar cloud feedbacks in climate 
sensitivity remains poorly understood, partly because 
the observational database of polar clouds is scarce. An 
aspect adding to the uncertainty related to the equilib-
rium climate sensitivity of mixed phase clouds in cli-
mate models is that they predict too few supercooled 
cloud droplets. Therefore, in addition to cirrus clouds, 
liquid and mixed phase clouds will be investigated 
using in-situ and active remote sensing instruments. 
IPA will focus on mixed-phase clouds in high latitudes 
and warm clouds in the marine boundary layer in 
measurement campaigns with partners like NASA, 
CRNS and the MPI for Meteorology. 

During the MOSAiC and CIRRUS-HL campaigns in 
the Arctic mixed phase clouds and their role in Arctic 
amplification will be studied. Recent results show that 
more and larger particles are observed in boundary 
layer clouds over the Arctic open water (Figure 4.4-4). 
This dependence of cloud properties on mass and 
momentum fluxes will be further studied. 
 

 

Figure 4.4-4: Particle size distributions in Arctic mixed 

phase clouds over Arctic sea ice and open water during 

the AWI coordinated mission AFLUX. The colours repre-

sent measurements at different altitudes. 

 
IPA will focus on aerosol-cloud-meteorology interac-

tions using in-situ measurements of shallow clouds over 
tropical West Africa (DACCIWA campaign) and in the 
marine boundary layer of the Western Atlantic (ACTI-
VATE campaign). The measurement of microphysical 
cloud parameters and their dependence on aerosol 
concentration and dynamical parameters will help to 
constrain radiative transfer models to determine the 
instantaneous RF of low clouds. 

Further, IPA will use new cloud particle imaging 
probes in combination with machine learning tech-
niques (Section 4.6) to improve retrievals from 
ground based radars and the understanding of pro-
cesses like riming and aggregation. During the 
EUREC4A campaign in 2020, POLDIRAD was shipped 
and deployed on Barbados to observe precipitation 
formation in shallow clouds in the marine boundary 
layer (Figure 4.4-5). Co-located measurements from 
aircraft and from the ground will focus on the tem-
poral evolution of cloud properties.  
 

 

Figure 4.4-5: Snapshot of the EUREC4A campaign on 5 

February 2020. POLDIRAD measurements indicating 

precipitating clouds (coloured areas) are displayed 

together with the circular flight path of HALO and that 

of the French SAFIRE ATR (pink lines). 

 
In summary, IPA will investigate natural clouds and 

their role in the climate system from aircraft, satellite 
and with numerical models aiming for a better under-
standing of their life cycle and impact on the water 
and radiation budget. 

4.4.2 Aviation-induced cirrus 

Significant progress has been made in recent years 
with respect to the characterization of young con-
trails and contrail cirrus (Sections 2.4 and 3.2.1), the 
under-standing of contrail and contrail cirrus related 
processes, e.g. with the help of process models or LES 
(Section 3.2.1) and their representation in climate 
models (Section 2.5). An improved representation of 
the relevant micro- and macrophysical processes in 
model studies allowed to narrow down the uncertain-
ty in the estimates of the climate impact of contrail 
cirrus and to evaluate mitigation options (Section 
4.5). Nevertheless large uncertainties regarding emis-
sions, contrail cirrus properties and climate impact 
remain and require further attention. 

New in-situ measurement sondes (Section 2.4) 
covering an extended range of particle sizes (smaller 
as well as larger particles) will lead to novel observa-
tions of ice numbers and crystal size distributions 
within contrails from cleaner burning aircraft and 
within contrail cirrus. IPA will improve its measure-
ment of small cloud particle complexity (Figure 4.4-6) 
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and its shape classification algorithms for larger parti-
cles. Complex particles (rough and/or aspheric) have a 
different effect on light scattering than less complex 
or quasi spherical particles. These measurements will 
give new insights into the radiative effects of contrails 
and contrail cirrus inside and outside cirrus. They will 
enable an improved representation of young contrails 
in global climate models (Section 2.5), which is a vital 
prerequisite to reduce the uncertainty of contrail 
cirrus RF (Section 3.2.1). 
 

 

Figure 4.4-6: Aspherical fraction of embedded con-

trail versus cirrus particles for equal effective diame-

ters in subsaturated air measured on 10 April 2014 

during ML-CIRRUS with the CAS-DPOL and CIP in-

struments. Contrails show more spherical particles 

than natural cirrus. 

 
Young contrail properties and their evolution are 

particularly dependent on the total number of ice 
crystals formed within the aircraft plume. Current 
modelling studies of ice nucleation are based on the 
simplifying assumption that the plume is homogene-
ous, neglecting the impact of spatial and temporal 
inhomogeneity. To gain a better understanding of 
contrail ice microphysics and the underlying ice nuclea-
tion processes, a high resolution LES model (Section 
2.6) is extended in order to investigate these processes 
in the early jet phase taking into account inhomogenei-
ty within the plume (Figure 4.4-7). 

Past IPA studies have shown that the climate im-
pact of contrail cirrus is dominated by a few major 
contrail outbreaks which are connected with long 
contrail cirrus life times. IPA will continue to study 
those high impact events using (i) the climate model 
ECHAM with a coupled contrail cirrus scheme; and (ii) 
remote sensing data which are used to characterize the 
spatial extent and life time of ice supersaturated areas 
and the processes limiting the life time of contrail cirrus 
dependent on the state and the evolution of the back-
ground atmosphere. Furthermore, the temporal evolu-
tion of contrail cirrus will be investigated to study the 
daily cycle of their instantaneous RF. 

 

Figure 4.4-7: Schematic distribution of wind speed with-

in the jet of an engine as a first step to simulate ice 

crystal nucleation and growth in a turbulent plume. 

 
The dependence of radiative transfer on the micro-

physical properties of contrails is causing a large uncer-
tainty in the estimates of the contrail cirrus climate 
impact. Future measurement campaigns (CIRRUS-HL 
and Eco2Fly) will strive to not only measure microphys-
ical contrail properties but also radiative fluxes con-
nected with contrails. Combined with simultaneous 
spaceborne observations and detailed radiative transfer 
calculations the airborne observations will enable to 
perform radiative closure studies.  
 

 

Figure 4.4-8: Ice crystal number concentration over 

Germany simulated with the ICON large eddy model at 

a resolution of 600 m. Contrail formation within natural 

clouds leads to large cloud perturbations which can 

persist for many hours. 
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Past IPA modelling efforts led to large advances in 
the understanding of contrail cirrus processes and their 
impact on climate, but were limited to contrails form-
ing within cloud-free air (Section 3.2.1). A recent pub-
lication has shown that contrail formation within pre-
existing cirrus can lead to cirrus modifications detecta-
ble in satellite observations. Efforts will be made study-
ing contrail formation within pre-existing clouds and 
the evolution of the subsequent cirrus modifications 
and their impact on cirrus microphysical processes and 
radiation within ICON-LEM. To this end, IPA has im-
plemented a representation of ice nucleation and ice 
crystal loss during the contrail’s vortex phase in ICON-
LEM (Figure 4.4-8). Future work will strive to evaluate 
simulations of contrail induced cloud modifications 
with satellite remote sensing for specific days. Fur-
thermore, attempts will be made to estimate the cli-
mate impact of those cirrus modifications, a compo-
nent of the air traffic related climate impact that has 
neither been included nor discussed in current assess-
ments of the air traffic climate impact. Together with 
efforts estimating the indirect aviation aerosol effect 
on clouds (Section 4.3), this will constitute a big step 
towards a holistic understanding of aviation related 
cloud modifications and their climate impact. 

4.4.3 EarthCARE research  

Observations from the upcoming EarthCARE satellite 
will play a crucial role for the entire cloud research at 
IPA. For the first time, after its launch in 2022 this 
spaceborne platform with its four instruments will 
provide accurate vertical profiles of hydrometeor mi-
crophysical properties together with vertical velocities 
as well as solar and thermal irradiances at the top of 
the atmosphere for the entire globe. The payload will 
consist of two active sensors (a lidar and a radar with 
Doppler capability), a passive multispectral imager and 
a broadband radiometer. IPA plans to benefit from 
EarthCARE observations in various ways. IPA aims at 
the exploitation of radar Doppler velocities and/or 
passive measurements trying to distinguish between 
different types of cloud formation pathways to im-
prove process understanding. In the near future IPA 
will concentrate on convectively generated clouds or 
Arctic cirrus but also on cloudiness in mid-latitudes 
aiding the research on aviation cloud effects (Section 
3.2.1). Aerosol characteristics will be extracted from 
lidar observations enabling progress in the area of 
aerosol-cloud interactions. The impact of clouds and 
aerosols on the Earth radiation budget will be assessed 
in radiative closure studies. Furthermore, EarthCARE 
data and improved process understanding will support  
the evaluation and improvement of numerical models. 

 
 

First of all, the EarthCARE-like HALO payload 
consisting of the WALES lidar (Section 2.2.1) and 
the MIRA radar (Section 2.2.2), accompanied by the 
passive specMACS imager of LMU, will be deployed 
to validate the satellite observations. In the past 
years this HALO payload has been extensively flown 
in airborne campaigns where its capabilities could 
be accurately assessed. IPA will compare the sensi-
tivities of the active instruments aboard EarthCARE 
and A-Train to different cloud types to evaluate 
their cloud products. 

Second, the lidar-radar synergistic VarCloud re-
trieval of ice cloud microphysics for HALO, Earth-
CARE and A-Train measurements will be further 
improved in the context of IPA’s collaboration with 
LATMOS (Section 2.2.3). Inconsistencies between 
the VarCloud retrieval and both passive observations 
(Figure 4.4-9) and in-situ measurements shall be 
resolved by exploiting radar Doppler velocities 
and/or passive measurements. To provide reference 
cloud microphysical properties for the synergistic 
EarthCARE and HALO retrievals IPA intends to fly an 
in-situ payload with the DLR Falcon or in coopera-
tion with international partners. 
 

 

Figure 4.4-9: Comparison of spectral radiances at 1.9 

μm: in blue the specMACS observation and in green 

the radiative transfer simulation based on the cloud 

properties from VarCloud in a strong convective 

system. 

 
Third, these synergistic retrieval results will form 

the basis for improved geostationary satellite re-
trievals of ice cloud properties (Section 2.3) as well 
as the representation of ice clouds within high reso-
lution and climate models. The simultaneous con-
sideration of vertical profiles of cloud properties 
from EarthCARE together with geostationary cloud 
observations with high temporal resolution and 
accompanying model simulations will allow for de-
tailed studies of the life cycle of ice clouds (Section 
4.4.1) in the MABAK project (Section 5.11). Also, 
the broadband radiation measurements will offer 
the possibility to perform closure studies. 

Altogether, EarthCARE will represent an im-
portant step forward for cloud research at IPA. 
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4.5 Eco-efficiency and 
safety in aviation and 
transport 

 
 
Mobility is a key aspect of our society. It is a challenge 
to develop an environmentally friendly, sustainable, 
cost effective and safe transportation system. IPA de-
livers and communicates its expertise on atmospheric 
processes and its engineering and economic skills to 
policy makers, society, and industry in a consolidated 
comprehensive way. 

4.5.1 Climate assessment of 
aircraft technologies and routings 

Aviation enables fast and reliable global mobility and is 
an important growing sector. It also significantly con-
tributes to climate warming and measures have to be 
taken to make aviation sustainable. This comprises a 
challenge, since not only CO2-emissions, but to a large 
extend non-CO2 effects are important. 

An aviation climate impact assessment has three 
major components: aircraft, routing and response of 
the atmosphere. IPA has a large competence in 
measuring and modelling aviation related atmospher-
ic processes and combines this expertise to derive a 
climate assessment of aircraft design and operations 
(Section 3.2.1). 

Novel aircraft, combustor and fuel designs 

Future steps include the development of a fast climate 
response model for aircraft pre-design, which allows 
users, e.g., academic and industry partners to couple 
this model directly with their tools for aircraft prede-
sign. This allows a first guidance with respect to the 
climate impact of new aircraft concepts. Revolutionary 
concepts require special attention, such as electric or 
hybrid propelled aircraft, which involve a number of 
open questions. For example fuel cell driven aircraft 
might emit a water spray at a location different from 
the heat emission. Therefore, the contrail formation 
criterion might have to be adapted and the interaction 
of this exhaust with the wake vortex has to be investi-
gated, before further conclusion on their contrail im-
pacts can be drawn. Hence, theory, LES and measure-
ment campaigns have to be combined to gain insights, 
e.g. in contrail climate impact of new combustion 
designs (Figure 4.5-1).  
 

 

Figure 4.5-1: New aircraft designs that rely on hybrid-

electric propulsion (e.g. liquid hydrogen, distributed 

propulsion) require a detailed analysis of contrail for-

mation and evolution. 

 
Hydrogen-fuelled aircraft may enable sustainable 

solutions for future aviation. The flight demonstration 
of a hydrogen-fuelled turboprop aircraft therefore will 
provide a major step forward for sustainable future 
engine technologies. Besides the realization and inte-
gration of a hydrogen-based combustor in the aircraft, 
its flight demonstration and the detection of its emis-
sions, mostly water vapour or spray, requires advanced 
instrumentation. Those developments can build upon a 
long standing expertise in the development and the 
flight testing of alternative fuels in order to measure 
their emissions and assess their effects on contrails, 
atmospheric composition, and climate as well as air-
port air quality. 

The reduction of soot particle number emissions 
due to the use of alternative fuels has been shown 
to reduce ice number concentrations (Figure 4.5-2), 
contrail life time and contrail RF considerably (Sec-
tion 3.2.1). Forthcoming research will go towards 
the characterization of the emissions of future fuels 

Guiding questions: 

• How large is the impact of aerosol emissions 
from transportation (land, sea, air) on cloud 
formation and cloud properties and 
eventually on climate? 

• Which technological and operational 
measures and alternative fuel options are 
most suitable to enable sustainable 
transportation in support of the Paris 
Agreement? 

• What will be the impact of the energy 
transition in transport, with shifting 
emissions from direct combustion to indirect 
energy sources and the rising importance of 
non-combustion emission processes?  

• How can the safety, efficiency and resilience 
of the air traffic system be reinforced against 
adverse meteorological conditions, 
volcanic ash plumes and wake turbulence 
facing continued air traffic growth and climate 
change? 
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in combination with modern cleaner burning engine 
technologies to study aerosol emissions and ice 
nucleation by measuring number, size and shape of 
ice crystals in young contrails. Also, contrail for-
mation will be investigated in the low soot regime 
where ice might nucleate on volatile plume particles 
and ambient aerosols. New in-situ instruments on 
DLR Falcon (Section 2.4) covering an extended range 
of particle sizes will enhance knowledge on ice 
microphysics and support the representation of 
contrails in global climate models to reduce the 
uncertainty of contrail cirrus RF. 
 

 

Figure 4.5-2: Size distribution of apparent EI of ice 

(AEIice) for conventional Jet-A1 (Reference) and alterna-

tive jet fuel probed during ECLIF/ND_MAX with the 

scattering spectrometer FFSSP. 

 

Aircraft operations 

Similar to the climate impact assessment of new 
aircraft designs, also operational improvements will 
be analysed in more detail, including the atmospheric 
responses to a local emission, which is depending on 
the prevailing weather situation. One proposed 
mechanism is to include aCCFs in the weather predic-
tion (Section 3.2.1), which enable estimates of the 
climate impact of different routings already at the 
stage of early flight planning. First promising aCCFs 
were developed (Figure 4.5-3), but only verified in a 
simplistic way. Hence, future work will enable not 
only a better representation of aCCFs, but also a 
verification on the basis of the ESM EMAC, including 
an air traffic simulator.  

Future aircraft operations may differ from today’s 
operations. Concepts, such as intermediate-stop-
operations, formation flight, but also climate-optimal 
organized track systems are currently discussed and 
require a more detailed analysis, not only of the fuel 
benefits, but also of the overall climate impact reduc-
tion potential. 

 

Figure 4.5-3: Algorithmic CCFs describing the climate 

impact of a local NOx emission via O3 formation (right), 

and detailed calculation with EMAC (left). 

 

Atmospheric uncertainties and robust solutions 

A key question to all climate impact assessments con-
cerns the range of uncertainty and hence their reliabil-
ity. Research to most of the underlying atmospheric 
processes is available and both a best estimate and a 
range of uncertainty have been determined in the past. 
Nevertheless, there is one major knowledge gap in 
aviation related climate science: the role of aviation 
particle emissions in cloud processes and the aerosol-
cloud-interaction for low level clouds as well as cirrus. 
Research is required to first understand characteristics 
of these processes, the interaction between emission, 
evolution of particle size distribution, atmospheric 
transport and impact on clouds. Dedicated measure-
ment campaigns can then be developed based on an 
enhanced theoretical understanding.  

For the better assessed atmospheric processes, any 
climate impact assessments of aircraft designs, opera-
tions, or economic measures, require the analysis of 
the impact of these uncertainties on the climate impact 
assessment. First applications of Monte-Carlo tech-
niques show that robust assessments are feasible de-
spite large uncertainties in the underlying atmospheric 
processes. Still future work is required to transfer this 
robustness measure into climate impact assessment 
tool for predesign. 

Uncertainties of the climate impact assessment of 
operations are much more difficult to assess, since they 
additionally include uncertainties from, e.g., weather 
forecast. How well can we predict the occurrence and 
lifecycle of ice-supersaturated regions, in which con-
trails can be persistent? For contrail avoidance, the 
prediction of their exact location is mandatory to avoid 
unneeded flight manoeuvres and route changes which 
worsen the climate impact. Under some meteorological 
situations, robust aircraft trajectories might exist, which 
reduce the climate impact regardless of the atmospher-
ic uncertainties. The understanding of those meteoro-
logical situations, where the climate impact can be 
reduced significantly, without changes in fuel use, or 
despite uncertainties in the underlying atmospheric 
processes is important. 
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4.5.2 Air traffic safety and 
efficiency 

Adverse weather conditions with hazardous phenome-
na like turbulence, wind shear, lightning, hail and icing 
as well as rare events like volcanic ash plumes can lead 
to considerable obstructions in the air transport sys-
tem. The weather en route and at airports is a major 
cause of delays. Related costs for aviation stakeholders 
and economy are considerable and both flight safety 
and passenger comfort are reduced. The impact of 
adverse meteorological events is anticipated to grow in 
future caused by the predicted increase of air traffic 
and climate change. This leads to enhanced require-
ments regarding aviation safety and efficiency. It also 
demands mitigating this impact through application of 
systems that provide robust, timely and precise mete-
orological information and forecasts. This is essential 
for the collaborative decision-making (CDM) and 
common information sharing (CIS) processes under 
development in international programs like SESAR2020 
(EU), NextGEN (USA), and CARATS (Japan).  

Thunderstorms 

The seamless transition between nowcasting based on 
observations and forecasting based on numerical mod-
els (up to 6 hours) needs further improvement, as 
became evident during a trial with the thunderstorm 
nowcasting system Cb-Like (Section 3.2.2) at EURO-
CONTROL Maastricht in 2017. Cb-Like will therefore 
be extended by observations and nowcasting data and 
combined with data from a suite of high resolution 
and large-scale global models. The extended system, 
called Cb-fusion, will provide convective likelihood 
forecasts up to 6 hours in a seamless manner, becom-
ing more and more precise the closer the lead time 
approaches the observation (Figure 4.5-4).  
 

 

Figure 4.5-4: Cb-fusion concept. 

 
It will be complemented by additional meteorologi-

cal information of the remaining lifetime of existing 
thunderstorms, convectively induced turbulence, and 
high altitude icing conditions. Machine learning meth-

ods will be applied to further improve the developed 
forecast systems. Validation activities are planned with 
independent observational data, e.g. from IAGOS and 
DLR aircraft campaigns (SENS4ICE, ICE-GENESIS). In 
addition, an assessment of the impact of improved 
thunderstorm nowcasting information on air traffic 
flow management and future dynamic airspace config-
urations will be performed within SESAR projects. 

Further, the impact of increasing thunderstorm fre-
quency and intensity in a changing climate on aviation 
safety and efficiency will be estimated. An integration 
of weather related phenomena with climate impact 
related information will enable to investigate both, 
their interdependencies and impacts on traffic flows. 

Clear air turbulence 

Turbulence in the free atmosphere is related to shear 
instabilities and orography or convectively provoked 
GW breaking. The combined increase in abundance of 
critical, turbulence-inducing weather and air traffic, 
coupled with the projected emergence of actually less 
resilient aircraft structures (keyword 1g wing) calls for 
strong research into avoidance of and resilience to CAT 
encounter. IPA will respond to this need by building on 
the unique combination of its methodical competen-
cies in observation (in-situ and remote) and modelling 
(from computational fluid dynamics to NWP and ESM), 
building on current activities (Sections 2.2 and 3.2.2).  

NWP models for turbulence will be assessed and im-
proved by dedicated computational fluid dynamics case 
studies and in-situ observations. These analyses shall be 
seconded by ground-based turbulence observations with 
a dedicated and novel lidar system under development. 

For direct mitigation of turbulence impact on indi-
vidual aircraft, IPA will continue its works on lidar-
based gust load alleviation in cooperation with DLR-FT. 
Apart from lidar development (Section 2.2) and respec-
tive wind/gust retrieval, works shall include computa-
tional fluid dynamics simulation of aircraft flight and 
sensor (lidar and in-situ as Pitot-probes) measurements 
in realistic turbulent flow. This synthesis view improves 
the general understanding and possible mitigation 
within the control loop elements turbulence-sensor-
aircraft-actuator. 

Prediction, avoidance, and mitigation  
of wake vortices 

The proper prediction of wake vortex drift, descent, and 
decay and the resulting minimum separations between 
consecutive aircraft is vital for an effective, resource-
efficient, safe planning and safe guidance of air traffic.  

Plate lines were tested at Vienna airport in 2019 
and demonstrated a lifetime reduction of the long-
lived wake vortices by over 30% (Section 3.2.2). In the 
SESAR project VLD3 the plate line design shall be in-
dustrialized into an authority-approved prototype, 



 

 

106

Institute of Atmospheric Physics – Status Report 2015–2020 

which is suitable for permanent deployment at the 
runway ends. After thorough quantification of the 
acceleration of wake vortex decay, the potential reduc-
tions of separation minima shall be assessed following 
the rationale applied to establish the revised aircraft 
separation minima in EUROCONTROL’s re-
categorization initiative. Further, potential benefits of 
the plate line concept, integrated into DLR’s wake 
vortex advisory system (WSVBS), will be elaborated.  

The vision of virtual flight in a realistic environ-
ment foresees, for example, the simulation of the 
flight through realistic atmospheric turbulence, in-
cluding the aircraft reaction (attitude and elasticity) 
and the effects on the roll-up of the trailing vortices 
and their further development until final decay. For 
this purpose further development in several aspects is 
required. The two-way coupling method shall move 
from simplified wing geometries to more realistic 
aircraft. This encompasses aircraft in high-lift configu-
ration considering aircraft reaction on atmospheric 
disturbances with and without flight management 
system and autopilot including the plane’s aeroelastic 
deformation. It further comprises the effects of new 
engine concepts, landing and take-off manoeuvers, 
vortex encounters, formation flight (Figure 4.5-5), 
and flights through turbulent environments. 
 

 

Figure 4.5-5: Formation flight through vortex (color-

coded) of leading aircraft (right). 

 
Further, emphasis will be put on the development 

of automated lidar processing algorithms employing 
machine learning in order to manage the huge 
amount of lidar data collected, e.g., during the plate-
line campaign (Section 3.2.2). Simultaneous meas-
urements with particle image velocimetry and lidar 
will provide new insights in the structure of wake 
vortices. In the DLR project NICo, prediction of wind 
speed and direction shall be improved by fusing NWP 
data with aircraft measurements.  

Aircraft icing 

Aircraft icing in liquid, mixed phase or glaciated cloud 
conditions pose a threat to aviation. New aircraft certi-
fication regulations for classical icing situations (ICAO 
Appendix O conditions) require fast and efficient de-
tection of these particular cloud conditions. In the 
framework of two EU Projects (SENS4ICE and ICE-
GENESIS) new instrumentation for the detection of 
Appendix O conditions will be tested on aircraft and in 
wind tunnel measurements. Modified and upgraded 
wind tunnels from international partners will be evalu-
ated regarding their capabilities of generating bimodal 
distributions of supercooled large droplets. 

Volcanic ash detection 

Volcanic eruptions can result in extensive restrictions of 
the airspace because of relevant safety risks due to vol-
canic ash encounters. Satellite observations of ash plume 
extension and spreading are a powerful tool for volcanic 
ash monitoring. The VADUGS retrieval of volcanic ash 
concentration and height from Meteosat data developed 
at IPA (Section 2.3) will be extended to improve its ap-
plicability to new volcanic eruptions (Figure 4.5-6) and to 
make the derivation of volcanic ash properties more 
robust. At the same time, the possibility of deriving vol-
canic ash size and the applicability to desert dust, another 
well-known hazard for aviation, will be investigated. 
 

 

Figure 4.5-6: Refractive indices of ash from the Askja 

volcano (red), typical components (grey) and artificial 

ash composition used for new VADUGS development. 

 
In a second step, the method shall be extended to 

other geostationary imagers like those on Himawari 
and MTG to achieve a (nearly) global coverage. These 
new developments will be integrated into DWD’s 
emergency procedure. 

Complementary to remote sensing of volcanic ash 
from ground and satellite, compact and low-cost optical 
particle counters and SO2 probes can be used from small 
balloons for in-situ characterization of volcanic ash clouds 
(Figure 4.5-7). Such measurements can precisely deter-
mine the vertical extent of the ash plumes, ash particle 
size distribution and ash mass concentration, crucial for 
verification of model forecasts and for justification of 
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airspace closures. Compact optical particle counters and 
SO2 probes that have been tested by IPA (Section 2.4) will 
be assembled with radio transmitters and launched by 
small balloons and copters to test the detection of aero-
sol and SO2, e.g., close to Etna or Stromboli.  
 

 

Figure 4.5-7: Design of a compact balloon ash sonde. 

 

4.5.3 Environmental impacts of 
transportation 

As a key project partner in the DLR Transport Program, 
IPA will continue its research to improve the scientific 
understanding of the impact of transport on air quality 
and climate. In this context, the focus will be not only on 
the global scale but also on specific regions on different 
continents, where a strong increase in traffic volume is 
expected, such as, for example, South Asia and East 
Asia. Together with the project partners, detailed inven-
tories of the transport emissions from present-day to 
2100 will be developed, to provide future projections 
consistent with the recent shared socioeconomic path-
ways (SSP) scenarios developed in the framework of 
IPCC. Based on these data sets, new model simulations 
will be performed for a detailed quantification of the 
transport impacts. These model-based studies will take 
advantage of the simulations performed for CMIP6 in 
support of IPCC with the same model as part of the HGF 
ESM project. These numerical experiments will serve as a 
reference for understanding the underlying atmospheric 
processes and interpreting the transport-specific results.  

Subscale processes 

As shown by IPA’s previous work in this field, a critical 
issue for these impact studies is the model representation 
of unresolved subscale processes, such as chemical trans-
formation and aerosol microphysical processes in urban 
plumes, close to the emission sources. These processes 
will be further investigated by means of high-resolution 
simulations with the support of observational data from 
dedicated campaigns, such as EMeRGe (Section 2.5). The 
outcome of these targeted studies will serve as an input 

for further improving the simulation of subscale process-
es in global models. This work should help delivering a 
new, more reliable picture of the current and projected 
impacts of the global transport on the atmospheric com-
position and on climate. In the same context, and on the 
basis of the emission inventories developed by project 
partners, the impacts of international shipping and avia-
tion will also be quantified, providing a unique and con-
sistent picture of the effects of all transport sectors from 
present-day to 2100 under different scenarios. This will 
also provide guidance for assessing and prioritising spe-
cific mitigation measurements, taking into account both 
regulatory and technical approaches. 

Assessing new transportation concepts 

On the medium-term, a challenging issue in transport 
research will be the transition from conventional com-
bustion engines to electric vehicles with batteries or 
fuel cells, which will dramatically change the energy 
production infrastructure and, as a consequence, the 
way transport emissions impact the atmospheric com-
position and the climate. Conventional fuels will be 
replaced by batteries, hydrogen, synthetic fuels or 
biofuels. The focus of the transport research will need 
to shift from the direct vehicle emissions to the indi-
rect emissions, generated by the energy production 
sector and their impact on atmospheric composition 
and climate. The assessment of new engine technolo-
gies will require a different approach, which will need 
to implement an analysis of the full life cycle of the 
transport fleet. Although this transition is still in its 
early stages, the next years will see a rapid increase of 
new technologies, posing new challenges to the 
transport research and new questions on the impact 
of transport.  

Enhancing the understanding of transportation 
related atmospheric processes  

In parallel to the applied research in this field, basic 
research work will continue to further improve the 
understanding of the underlying atmospheric processes 
and to further reduce the model uncertainties. Particu-
larly critical aspects in this context are: (i) aerosol-cloud 
interactions at all levels (liquid- and ice clouds) and 
their representation in global models; (ii) the emission 
of particles from non-combustion processes in traffic 
(brake, tire, and road abrasions); (iii) the representation 
of background aerosol, including particles from natural 
sources and their future development in a changing 
climate; and (iv) the representation of new particle 
formation and growth processes and the role of organ-
ic aerosol. IPA’s capabilities in combining global and 
regional models with dedicated aircraft-based in in-situ 
measurements will provide a unique set of tools to 
tackle these problems and to improve our understand-
ing of the relevant atmospheric processes. 
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4.6 AI4Climate 

 
 
Our goal is to expand on promising initial work at IPA 
(Sections 2.7 and 3.1.4) in the research field of 
AI4Climate in the next years. A key focus will be the 
development of ML-based cloud parameterisations 
for climate models and hybrid ML-physical models 
(Section 4.6.1). In addition, IPA will develop and use 
novel DL and causal discovery techniques to detect 
and understand modes of climate variability and 
multivariate extremes (Section 4.6.2) and to constrain 
climate feedbacks and projections (Section 4.6.3). 
This research will be done as part of the recently 
awarded ERC Synergy Grant “Understanding and 
Modelling the Earth System with Machine Learning 
(USMILE)” (Section 5.7), see a schematic of the US-
MILE approach and products in Figure 4.6-2. An 
interdisciplinary team of four researchers from IPA 
(Prof. Eyring, corresponding PI), MPI for Biogeochem-
istry in Jena (Prof. Reichstein), University of Valencia 
(Prof. Camps-Valls), and Columbia University New 
York (Prof. Gentine) has received this prestigious 
award in 2019. This grant will support the team’s 
innovative work in the development and evaluation 
of ESMs that are the basis for understanding and 
projecting climate change. IPA’s goal is also to en-
hance the use of AI methods for satellite retrievals 
and observationally-based products as part of USMILE 
and other projects (Section 4.6.4). The goal of this 
research is to provide more reliable projections for a 
robust assessment of targets to limit global mean 
temperature increase below 1.5

°C above pre-
industrial levels, as defined in the Paris Agreement 
(Section 1). 

4.6.1 Hybrid machine learning 
physical climate modelling 

Earth system and climate models are fundamental to 
understanding and projecting climate change. Alt-
hough they have improved significantly over the last 
decades, considerable biases and uncertainties in 

their projections still remain. For example, the simu-
lated range for effective climate sensitivity, i.e. the 
change in global mean surface temperature for a 
doubling of atmospheric CO2 concentration, has not 
decreased since the 1970s and is still between 2.1 
and 4.7°C, even increasing in the newest generation 
of CMIP6 models (Figure 4.6-1). 
 

 

Figure 4.6-1: Assessed range of effective climate sensitivity 

(ECS) in IPCC Assessment Reports over the years (blue 

bars). ECS values from individual models participating in 

CMIP5 and CMIP6 are shown in addition (symbols). 

 
One of the largest contributions to this uncertainty 

stems from differences in the representation of clouds 
and convection as well as dynamical processes occurring 
at scales smaller than the model grid resolution (also 
Section 4.4). These processes need to be approximated 
in global models by parametrisations. 

This has motivated the developments of high-
resolution global cloud-resolving climate models with 
the ultimate goal to explicitly resolve clouds and 
convection, as well as LES, resolving most of the 
energy-containing atmospheric turbulence and cover-
ing up to a few hundreds of kilometres. Yet, these 
simulations are extremely computationally demanding 
and produce large volumes of data. As many cloud, 
convection and wave processes are explicitly resolved, 
these simulations can serve as important sources of 
information to constrain small-scale parameterisation 
in coarse-resolution ESMs, which will continue to be 
required, as they represent important components of 
the Earth system such as the carbon cycle or chemis-
try. The development of physics aware ML-based 
cloud and GW drag parametrisations provides an 
exciting approach with the potential to overcome 
longstanding biases in climate models. 

Guiding questions: 

• Can AI, informed by high-resolution atmospheric 
models and observations, break the Earth 
system model parameterisation deadlock? 

• Can AI further improve the analysis and 
interpretation of Earth system data? 

• Can AI improve the analysis of spaceborne 
and in-situ measurements of atmospheric 
particles? 
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Figure 4.6-2: Schematic of the USMILE approach and products, including the various AI techniques used to improve 

understanding and modelling of the Earth system. 

 
So far it could be shown that sub-grid-scale pro-

cesses of explicitly resolved convection in expensive 
storm-resolving nested models inside a global cli-
mate model can be realistically emulated using deep 
NNs (Section 2.7.1). The experimental model setup 
is designed for the use inside the super-
parameterised Community Atmosphere Model. In 
IPA’s future research, the goal is to develop ML-
based parameterisations that are modular across 
different horizontal resolutions in the framework of 
the ICON-ESM. Storm-resolving simulations of ICON 
performed at the MPI for Meteorology in Hamburg 
build an excellent set of training data for this hybrid 
ML approach (Figure 4.6-3). 

 

 

Figure 4.6-3: Schematic diagram for ML-based cloud 

parametrisations for climate models. High-resolution 

cloud resolving model simulations are coarse-grained 

to the scale of the ESM (~100 km) with the help of 

convolutional or recurrent NNs to learn the impact of 

convection on the resolved coarse-scale variables. 

4.6.2 Machine learning for modes 
of variability and extreme events 

Recent advances in ML have enhanced the capacity to 
reveal causal structures in complex non-linear dynamical 
systems. Powerful causal discovery methods for climate 
time series have been developed12 and some first appli-
cations to climate models exist (Nowack et al., Nature 
Communications, 2020), yet these studies are still rare. 
Major challenges for climate applications need to deal 
with multivariate, nonlinear, and cause-effect relations 
occurring on different temporal and spatial scales. In 
collaboration with the Climate Informatics group at 
DLR-DW IPA will further develop and apply data-driven 
methods to understand dependency structures in the 
major modes of variability and in selected variables, 
such as causal links between soil moisture, evapotran-
spiration and precipitation. In a changing climate, the 
frequency, intensity and the duration of extreme events 
are expected to change. In addition to the MDI algo-
rithm (Section 2.7.2), IPA will exploit novel ML methods 
including causal discovery (Section 2.7.1) to tackle the 
problem of multidimensional and multivariate extreme 
event identification in collaboration with DLR-DW. ML 
methods (Section 2.7.1) will be further developed to 
enable an understanding of causal relationships in 
spatiotemporal, multivariate Earth system data with the 
aim to better project and understand multi-decadal 
climate extremes and their effects. 

                                                           
12 Runge, J. et al. 2019: Detecting and quantifying causal associa-

tions in large nonlinear time series datasets, 5(11), eaau4996. 
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4.6.3 Constraining climate 
projections with ML 

ESMs are complex and represent a large number of 
processes, resulting in a persistent spread across cli-
mate projections for a given future scenario. Owing to 
different model performances against observations and 
the lack of independence among models, there is now 
evidence that giving equal weight to each available 
model projection might not yield the best results 
(Eyring et al., Nature Climate Change, 2019). ML 
methods like GBRT have already been successfully 
applied (Sections 2.7 and 3.1.4). These ML techniques 
can consider non-linear processes and a large variety of 
features. Moreover, non-parametric ML models allow 
applying a weighting scheme without specifying a 
certain function for the weights, eliminating the need 
for this subjective choice. IPA’s goal is to develop a 
novel ML ensemble framework where the weights of 
model projections are learned based on the models’ 
performance, i.e. maximizing correlation between 
present-day observations and future climate. Large 
uncertainties also exist in Earth system feedbacks (e.g. 
ECS, Figure 4.6-1). The emergent constraint approach 
attempts to constrain uncertainties in feedbacks by 
identifying robust, physically interpretable relationships 
between Earth system feedback behaviours on short, 
well-observed timescales and on timescales that span 
the twenty-first century and beyond.  
 

 

Figure 4.6-4: Schematic of a classical single-variable 

emergent constraint and the multi-variate approach. 

 
In addition to new research on consistency across 

different emergent constraints and across generations 
of model ensembles, the use of more sophisticated 
statistical analyses is anticipated, which have so far 
typically involved only 1D linear regressions (Eyring et 

al., Nature Climate Change, 2019). With the help of a 
ML framework, IPA’s goal is to derive higher-
dimensional emergent relationships related to more 
than one observable (Figure 4.6-4). This is expected to 
result in more robust conclusions and avoids the possi-
bility of contradictory constraints derived from separate 
1D relationships. Regular multivariate linear regression 
cannot be applied directly due to multicollinearity in 
the predictors. By applying non-linear dimensionality 
reduction methods to high-dimensional multivariate 
data, causal discovery, and rigorous statistical hypothe-
sis testing combined with expertise on the climate 
system, current limitations of single variable constrains 
for feedbacks should be overcome. 

4.6.4 Machine learning based 
observational products 

At IPA ML-based methods will be developed and used 
to provide observational products for (i) cloud re-
gimes; (ii) passive remote sensing of atmospheric 
particles; and (iii) ice particle classification in OAPs. 

Correctly identifying cloud regimes and evaluating 
modelled cloud properties by regime is a promising 
way to identify and improve key weaknesses in the 
representation of clouds in models. Cloud regimes are 
typically defined in terms of cloud properties (e.g. ice 
phase vs. liquid and/or mixed phase) and spatial coor-
dinates (e.g. CTH and cloud thickness). This allows for 
process-oriented model evaluation and facilitates the 
analysis of specific model biases. Cloud regimes can 
also be identified by clustering large-scale atmospheric 
conditions. It will be examined whether IPA can sys-
tematically improve existing products by using DL 
techniques. This has the potential to better account 
for covariations of large-scale variables in order to 
assess how much of the signal can be explained by 
their variations. 

The CiPS algorithm (Section 2.3) uses collocated cir-
rus observations of the passive geostationary SEVIRI 
imager and the CALIOP lidar to train a NN that detects 
ice clouds and determines their properties. It will be 
improved considering cirrus spatial variability, shape and 
temporal evolution, e.g. through a hybrid DL NN archi-
tecture, which combines convolutional NNs with long 
short-term memory networks. Furthermore, the Volcanic 
Ash Detection using Geostationary Satellites (VADUGS) 
algorithm that extracts volcanic ash cover and properties 
from MSG will be improved (Figure 4.6-5). This NN 
exploits simulated satellite observations of volcanic ash 
to cope with the sparseness of volcanic ash eruptions in 
the MSG era and the uncertainties related to their opti-
cal and physical characteristics. A new more accurate 
and comprehensive training data set of simulated 
MSG/SEVIRI observations exploiting an updated radiative 
transfer model will be used to train advanced NNs. 
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OAPs are imaging sensors on airborne or ground 
based platform to observe cloud particles and deter-
mine their amount, size and shape. Current analysis 
of such 2D cloud particle images is based on geomet-
ric considerations. However, the interference patterns 
of out-of-focus particles detected by OAPs vary de-
pending on their shape and the distance to the opti-
cal plane. Thus, “classical geometric” classification 
methods often fail or are affected by high uncertain-
ties. AI, in particular NNs, are currently being used to 
develop new algorithms to detect and classify cloud 
particles according to their shape and size based on 
the similarity to particles of known properties under 
consideration of their distance to the optical plane. 
With these new methods the interference patterns 
observed by the OAPs can be systematically used to 
derive particle information, even for cloud particles of 
higher complexity. The NN training data set consists 
in simulated particle interference patterns. 

 

Figure 4.6-5: (Left) Volcanic ash composite from Mete-

osat data for the Grismvötn eruption 2011. Reddish 

colours show volcanic ash. (Right) Classification result of 

a sample NN applied to same Meteosat data. 
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5 Appendix 
 

5.1 SPARC International 
Project Office at IPA 
In 2016, IPA offered to host the SPARC International 
Project Office (IPO) following the previous sites in France 
(CNRS, 1992-2004), Canada (University of Toronto, 
2005-2011) and Switzerland (ETH Zurich, 2011-2017). 
Based on a Memorandum of Understanding with WMO 
the SPARC-office at IPA started its work in January 2018 
after a six-month transition phase. 

Since 1992, the Stratosphere-Troposphere Processes 
And their Role in Climate (SPARC) project has been 
promoting and coordinating cutting edge research 
activities about chemical and physical processes in the 
atmosphere relevant to climate and climate change. It 
became formally established as one of four core-projects 
of the World Climate Research Programme (WCRP), 
sponsored by the World Meteorological Organisation 
(WMO), the International Science Council (ICSU), and 
the International Oceanographic Commission (IOC). 
SPARC’s efforts to determine trends in long-term obser-
vations and coordinated model simulations proved es-
sential for the understanding of the “ozone hole”, and 
anticipated steps towards its recovery. SPARC has set 
the stage for on-going model inter-comparison studies, 
and continues to instigate simulation experiments to 
better understand atmospheric dynamics and predicta-
bility, chemistry-climate interactions, and to assess the 
quality and utility of long term climate records.  

These themes are in accord with ongoing research ef-
forts at IPA. Several of its senior staff are actively contrib-
uting to SPARC activities, e.g. as activity leads or lead 
authors of assessment reports. As SPARC’s central body, 
the IPO assists the globally distributed SPARC Scientific 
Steering Group (SSG). Its director, Hans Volkert, and its 
science coordinator, Mareike Heckl, are in close contact to 
the SSG co-chairs, who lead the core projects’ scientific 
development. IPO work is further supported by office 
manager Brigitte Ziegele and Winfried Beer. It includes the 
organization of the yearly SSG meetings, oversight of the 
nomination process for new SSG members, and support-
ing the SSG by acting as the contact point for partner 
organizations and sponsors. It also has an important 
coordinating function for SPARC activity workshops, e.g. 
through the administration of travel support, hosting of 
meeting websites and, occasionally, local support.  

During its first year at IPA, the SPARC office co-
organized the 6th SPARC General Assembly in Kyoto, 
Japan, which attracted close to 400 participants from 31 
countries. Tasks included invitation and coordination of 
invited speakers, preparation of poster sessions and Early 

Career Scientists events (e.g. a meet & greet dinner with 
senior scientists, and poster award procedures) as well 
as close interaction with the local organisers from Japan. 

Furthermore, the SPARC IPO publishes two-monthly 
news bulletins, which summarize important community 
news, workshop announcements, funding opportuni-
ties, and a collection of recently published studies with 
relevance to the SPARC community (also released on the 
SPARC website once per week). The office continues to 
publish the semiannual SPARC-newsletter; specific tasks 
comprise the composition of meeting reports and short 
articles, editing the material received from the entire 
SPARC community, the selection of images, professional 
type-setting, the release on the SPARC website and 
printing of a small edition for distribution to interested 
parties. By autumn 2020, six issues of the SPARC news-
letter will have been produced by the SPARC IPO at IPA. 

In the past, important findings from SPARC activities 
have been published as WCRP/SPARC assessment re-
ports, which regularly contributed to other important 
assessment reports. The LOTUS-report (Long-term 
Ozone Trends and Uncertainties in the Stratosphere) is 
the most recent example. It appeared early in 2019, and 
provided relevant input to the 2019 WMO/UNEP Ozone 
Assessment. For all such reports the IPO oversees the 
review process, and is responsible for editing, type-
setting, and final publication online at the SPARC web-
site (www.sparc-climate.org/publications/sparc-reports/) 
as well as in print. A further SPARC report, on Reanalysis 
Intercomparison, is midway in the publication process. 

Additionally, an essential part of the work of the 
SPARC IPO is the close collaboration with the Joint Plan-
ning Staff (JPS) at WMO. This not only includes the bulk 
of administrative tasks necessary to manage a communi-
ty of some 2000 atmospheric scientists, but also the 
participation in planning meetings, such as the prepara-
tion of the new WCRP strategic plan, to which members 
of the SPARC IPO at IPA have actively contributed. 

Through its activities, the SPARC IPO not only consti-
tutes a focal point of the science conducted within the 
SPARC activities, but also acts as an important distribu-
tor of information regarding opportunities to participate 
in workshops, funding calls, or to establish new links in 
international research alliances. Thus, it provides a 
unique networking opportunity not only within the 
world-wide atmospheric science community, but also 
within important international organisations and fund-
ing bodies. And finally, the SPARC IPO at IPA under-
scores the growing in-kind support for WMO from 
institutions in Germany. The International Coordination 
Office for Polar Prediction at AWI in Bremerhaven and 
the current WMO-presidency at DWD in Offenbach are 
further examples. 
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5.2 Ecological sustainability 
at IPA 

DLR sustainability action 

Already in 2014, DLR set itself two goals in order to 
comply with the recommendations of the German 
"Council for Sustainable Development" (RNE) and 
derived two sustainability guidelines accordingly: 

– Research for sustainability 
– Sustainable research and work 

The DLR Board of Directors underlines these principles 
and demands: "The Board of Directors very much 
welcomes sustainable action at DLR and would be 
delighted if you [managers] and your employees were 
committed to this."  
 

 
Figure 5.2-1: DLR sustainability logo. 
 

The DLR sustainability management team supports 
employees in informing and implementing individual 
measures at the institutes.  

An inter-departmental action group of IPA em-
ployees 

Supported and advised by the Institute Council, the 
Institute Director commissioned the "Working Group 
on Ecological Sustainability at IPA". The working group 
is composed of staff from all six departments and 
regularly reports to the Institute Council and the Insti-
tute Director on the progress of their work and current 
projects. Like the general DLR sustainability initiative, 
the UN's sustainable development goals are referred 
to, specifically prioritizing: 
12: Ensure sustainable consumption and production  

 patterns;  
13: Take immediate action to combat climate change; 
15: Protect and restore land ecosystems and biodiversity, 

without neglecting sustainable development goals 
6, 7, 11, 14 and 17. 
 

The group is working to unveil potential at IPA in 
the areas of the topic "Sustainable research and 
work", which can be characterized more precisely 
and addressed with suitable measures. IPA holds a 
special position in this thematic complex and 
through this group responds to the challenge of 
taking a leading role within DLR. The keyword “cli-
mate-neutral research” may serve as a “vision” for a 
long-term goal. 
 

 

Figure 5.2-2: United Nations sustainable development 

goals. 

 

Specific objectives of the working group 

While many of the research initiatives conducted at IPA 
address the DLR topic “Research for sustainability”, the 
initiatives of the "Working Group on Ecological Sus-
tainability at IPA" focus on the topic "Sustainable 
Research and Working", because the daily work expe-
rience reveals necessary and most effective fields of 
action. Furthermore, the group primarily focuses on 
the environmental pillar of sustainability, because on 
the one hand the two pillars of economy and social 
affairs are addressed by the institute management, the 
works council and other committees, and on the other 
hand paramount urgency is seen in this area. 

Thus, the group develops suitable recommenda-
tions for action, measures and potential savings in 
the sectors relevant to IPA’s daily work life. Current 
projects include the stock take of electrical and fossil 
fuel energy consumption for office life as well as 
business travels. In the transport sector alternative 
travel and commuting options are analysed. Fur-
thermore, projects of waste reduction, the creation 
of wild flower meadows on the site, and other 
measures for biodiversity revitalization are promoted 
by members of the group. As an important part of 
their work, the group members inform their col-
leagues about the recommendations made and the 
results achieved. This supports the necessary cultural 
change towards a transformation society.  
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5.10 Publications
The bibliography of IPA is available online at elib.dlr.de. This 
section lists publications in reverse chronological order (2020 
down to 2015) with following selection criteria:  
 

– Publications in refereed journals  
(mostly ISI or Scopus listed)  

– Other peer reviewed publications  
– Contributions to international assessments  
– Books and book chapters  
– Invited conference contributions and external seminars  
– Other publications of general interest  

 
Internal reports are not included. Diploma, Master, Bachelor and 
Doctoral theses are listed in Section 5.4. Current or former mem-
bers of the institute are marked in bold typeface.  

5.10.1 Publications in refereed 
journals (mostly ISI or Scopus listed) 

202013 
[1] Abalos, M., Orbe, C., Kinnison, D. E., Plummer, D., Oman, L. D., 
Jöckel, P., Morgenstern, O., Garcia, R., Zeng, G., Stone, K., 
Dameris, M., 2020: Future trends in stratosphere-to-troposphere 
transport in CCMI models, Atmospheric Chemistry and Physics. 

[2] Alexander, P., de la Torre, A., Kaifler, N., Kaifler, B., 
Salvador, J., Llamedo, P., Hierro, R., Hormaechea, J. L., 2020: 
Temperature profiles from two close lidars and a satellite to infer the 
structure of a dominant gravity wave, Earth and Space Science. 

[3] Ayarzagüena, B., Charlton-Perez, A. J., Butler, A., Hitchcock, P., 
Simpson, I. R., Polvani, L. M., Butchart, N., Gerber, E. P., Gray, L., 
Hassler, B., Lin, P., Lott, F., Manzini, E., Mizuta, R., Orbe, C., 
Osprey, S.M., Saint-Martin, D., Sigmond, M., Taguchi, M., 
Volodin, E.M., Watanabe, S., 2020: Uncertainty in the response of 
sudden stratospheric warmings and stratosphere-troposphere 
coupling to quadrupled CO2 concentrations in CMIP6 models, Journal 
of Geophysical Research: Atmospheres, 125(6), pp. 
e2019JD032345/1-21. 

[4] Bell, T., Klein, P., Wildmann, N., Menke, R., 2020: Analysis of 
Flow in Complex Terrain Using Multi-Doppler Lidar Retrievals, 
Atmospheric Measurement Techniques, 13, pp. 1357-1371. 

[5] Bickel, M., Ponater, M., Bock, L., Burkhardt, U., Reineke, S., 
2020: Estimating the Effective Radiative Forcing of Contrail Cirrus, 
Journal of Climate, 33(5), pp. 1991-2005. 

[6] Bramberger, M., Dörnbrack, A., Wilms, H., Ewald, F., 
Sharman, R. D., 2020: Mountain-Wave Turbulence Encounter of the 
Research Aircraft HALO above Iceland, Journal of Applied 
Meteorology and Climatology, 59(3), pp. 567-588. 

[7] Costa-Surós, M., Sourdeval, O., Acquistapace, C., Baars, H., 
Carbajal Henken, C., Genz, C., Hesemann, J., Jimenez, C., 
König, M., Kretzschmar, J., Madenach, N., Meyer, C. I., 
Schrödner, R., Seifert, P., Senf, F., Brück, M., Cioni, G., Engels, J. F., 
Fieg, K., Gorges, K., Heinze, R., Siligam, P. K., Burkhardt, U., 
Crewell, S., Hoose, C., Seifert, A., Tegen, I., Quaas, J., 2020: 
Detection and attribution of aerosol-cloud interactions in large-
domain large-eddy simulations with the ICOsahedral Non-
hydrostatic model, Atmospheric Chemistry and Physics, 20, pp. 
5657-5678. 

                                                           
13 as of June 2020 

[8] de Laat, A., Vazquez-Navarro, M., Theys, N., Stammes, P., 2020: 
Analysis of properties of the 19 February 2018 volcanic eruption of 
Mount Sinabung in S5P/TROPOMI and Himawari satellite data, Natural 
Hazards and Earth System Sciences, 20, pp. 1203-1217. 

[9] Eichinger, R., Garny, H., Sacha, P., Danker, J., Dietmüller, S., 
Oberländer-Hayn, S., 2020: Effects of missing gravity waves on 
stratospheric dynamics; part 1: climatology, Climate Dynamics, 54, pp. 
3165-3183. 

[10] Eleftheratos, K., Kapsomenakis, J., Zerefos, C. S., Bais, A. F., 
Fountoulakis, I., Dameris, M., Jöckel, P., Haslerud, A. S., Godin-
Beekmann, S., Steinbrecht, W., Petropavlovskikh, I., Brogniez, C., 
Leblanc, T., Liley, J. B., Querel, R., Swart, D. P. J., 2020: Possible Effects 
of Greenhouse Gases to Ozone Profiles and DNA Active UV-B 
Irradiance at Ground Level, Atmosphere, 11(3), pp. 228/1-19. 

[11] Eyring, V., Bock, L., Lauer, A., Righi, M., Schlund, M., 
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5.12 Abbreviations 
Abbreviation Expansion 

(AC)3 ArctiC Amplification: Climate Relevant  
Atmospheric and SurfaCe Processes, and 
Feedback Mechanisms project 

[UC]2 Urban Climate Under Change (project/activity) 

0D, 1D, 2D, 3D zero-, one-, two-, three-dimensional 

2D-S 2D Stereo-Probe (instrument) 

3DO Dreidimensionale Observierung atmosphäri-
scher Prozesse in Städten (project/activity) 

A2D ALADIN Airborne Demonstrator (instrument) 

A320, A340 Airbus aircraft 

ABL atmospheric boundary layer 

ACACIA Advancing the sCience for Aviation and ClI-
mAte (project/activity) 

ACAM Atmospheric Composition and the Asian 
Monsoon (project/activity) 

ACARE Advisory Council for Aeronautics Research in 
Europe 

ACCESS Alternative Fuel Effects on Contrails and Cruise 
Emissions (campaign) 

aCCF algorithmic climate change function 

ACRIDICON-
CHUVA 

Aerosol, Cloud, precipitation, and Radiation 
Interactions and DynamIcs of CONvective 
Cloud Systems - Cloud processes of tHe main 
precipitation systems in Brazil: A contribUtion 
to cloud resolVing modeling and to the GlobAl 
Precipitation Measurement (campaign) 

ACT-America Atmospheric Carbon and Transport – America 
(campaign) 

ACTIVATE NASA’s Aerosol Cloud meTeorology Interac-
tions oVer the western ATlantic Experiment 
(campaign) 

ADS-B Automatic Dependent Surveillance – Broadcast 

AEDT Aviation Environmental Design Tool 

Aeolus ESA Earth Explorer Satellite 

AerChemMip Aerosols and Chemistry Model Intercompari-
son Project 

AEROCLOUD Aircraft aEROsol effects on High and Low 
CLOUDs (campaign) 

AFLUX Arctic amplification: FLUXes in the cloudy 
atmospheric boundary layer (campaign) 

AGU American Geophysical Union 

AI artificial intelligence 

AI4Climate Artificial Intelligence for Climate 

AIMS Atmospheric Ionization Mass Spectrometer 
(instrument) 

AirClim Aircraft + Climate change (model/algorithm) 

AIRS Atmospheric Infrared Sounder 

AIRSPACE Aircraft Remote Sensing of Greenhouse Gases 
with combined Passive and Active instruments 
(project/activity) 

ALADIN Atmospheric LAser Doppler Instrument  
(instrument) 

A-LIFE absorbing Aerosols in a changing climate: 
aging, LIFEtime and dynamics (campaign) 

Abbreviation Expansion 

ALIMA Airborne LIdar for Middle Atmospheric  
research (instrument) 

am+fusion fusion of meteorological input data  
(model/algorithm) 

AMETYST HALO Aerosol MEasuremenT sYSTem  
(instrument) 

AMJ April, May, June 

AoA age of air 

APA AVOSS wake vortex Prediction Algorithm 

APD avalanche photo diode 

AR6 IPCC sixth Assessment Report  

ARISE Atmospheric dynamics Research InfraStructure 
in Europe (project/activity) 

A-SCOPE Advanced Space Carbon and Climate  
Observation of Planet Earth  
(project/activity) 

asl above sea level 

ASM Asian summer monsoon 

ASMA Asian summer monsoon anticyclone 

ATM air traffic management 

ATR Avions de Transport Régional (aircraft) 

ATRA Advanced Technology Research Aircraft  
(DLR Airbus A320) 

Aura NASA scientific research satellite  

AVATARE Aeolus Validation Through Airborne Lidars in 
Europe mission 

AVATARI Aeolus Validation Through Airborne Lidars in 
Iceland mission 

AVOSS Aircraft VOrtex Spacing System 

AWI Alfred-Wegener-Institut 

B747 Boeing aircraft 

BAMARA BAlloon-borne MAss spectrometer for  
Research in the Atmosphere (campaign) 

BAMS Bulletin of the American Meteorological Society 

BC black carbon 

BCPD Backscatter Cloud Probe with Polarization 
Detection (instrument) 

BMBF Bundesministerium für Bildung und Forschung 
(Federal Ministry of Education and Research) 

BOLIDE Balloon LIDar Experiment  
(campaign) 

BRITESPACE 
 

High BRIghTnEss semiconductor laser sources 
for SPACE applications in Earth observation 
(project/activity) 

C-130 Lockheed Hercules aircraft 

CAABA Chemistry As A Boxmodel Application  
(model/algorithm) 

CALIOP Cloud-Aerosol LIdar with Orthogonal  
Polarization (instrument) 

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder 
Satellite Observations  

CAPS 
 

Cloud, Aerosol, and Precipitation  
Spectrometer (instrument) 
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Abbreviation Expansion 

CARATS Collaborative Actions for Renovation of Air 
Traffic Systems, (project/activity) 

CARIBIC Civil Aircraft for the Regular Investigation of 
the atmosphere Based on an Instrument 
Container 

CAS / CAS-
DPOL 

Cloud and Aerosol Spectrometer /  
with DePOLarization (instrument) 

CAT clear air turbulence 

Cb-global extended version of Cb-TRAM  
(model/algorithm) 

Cb-Like Cumulonimbus Likelihood  
(model/algorithm) 

Cb-TRAM Cumulonimbus TRAcking and Monitoring 
(model/algorithm) 

CCF climate change function 

CCI Climate Change Initiative  
(project/activity) 

CCM chemistry-climate model 

CCMI IGAC/SPARC Chemistry-Climate Model  
Initiative (project/activity) 

CCMod Contrail Cirrus Module 

CCMVal Chemistry-Climate Model Validation Activity 
for SPARC 

CCP Cloud Combination Probe (instrument) 

CDP Cloud Droplet Probe (instrument) 

Cessna Cessna C-208B Grand Caravan aircraft 

CF cloud fraction 

CFC chlorofluorocarbon 

CFC-11 chlorofluorocarbon-11 (CFCl3) 

CFC-12 chlorofluorocarbon-12 (CF2Cl2) 

CH4 methane 

Challenger 
CL604 

Bombardier Challenger C600 series aircraft 

CHARM-F  CO2 and CH4 Atmospheric Remote Monitoring 
– Flugzeug (instrument) 

CIMS chemical ionization mass spectrometry  

CIP Cloud Imaging Probe (instrument) 

CiPS Cirrus Properties from SEVIRI (mod-
el/algorithm) 

CIRRUS-HL CIRRUS in High Latitudes (campaign) 

CLaMS Chemical Lagrangian Model of the  
Stratosphere 

ClONO2 chlorine nitrate 

CloudSat NASA satellite  

ClOx active chlorine 

Cly total inorganic chlorine 

CMIP Coupled Model Intercomparison Project 
(project/activity) 

CNES Centre National d’Études Spatiales 

CNRS Centre National de la Recherche Scientifique 

CO carbon monoxide 

CO2 carbon dioxide 

CO2Image mission proposal for the detection of CO2 
point sources within the DLR small satellite 
programme  

Abbreviation Expansion 

CO2M Copernicus Anthropogenic CO2 Monitoring 
Mission (project/activity) 

CO2Mon CO2 Monitoring (project/activity) 

CO3 carbon trioxide 

CoCiP Contrail Cirrus Prediction tool  
(model/algorithm) 

COLI COntrail LIbrary 

CoMet  Carbon dioxide and Methane mission 

COP21 21st Conference of the Parties 

CORAL COmpact autonomous RAyleigh Lidar  
(instrument) 

COSMO COnsortium for SMall scale MOdeling 

COSMO-CLM COSMO model in CLimate Mode 

COSMO-DE COSMO model in regional mode  
(covering Germany, Switzerland, and Austria) 

CRDS cavity ring-down spectroscopy greenhous gas 
analyser (instrument) 

CTH cloud top height 

DA42 Diamond DA42 Twin Star  
(aircraft, operated by Hochschule Düsseldorf) 

DACCIWA Dynamics-Aerosol-Chemistry-Cloud  
Interactions in West Africa (campaign) 

DARDAR,  
DARDAR-
CLOUD 

raDAR/liDAR CLOUD parameter retrievals 

dBZ Decibel(s) relative to the equivalent reflectivity 
factor Z 

DECK Diagnostic, Evaluation and Characterization of 
Klima 

DEEPWAVE DEEP propagating gravity WAVE experiment 
(campaign) 

DFG Deutsche Forschungsgemeinschaft  
(German Science Foundation) 

DFS Deutsche Flugsicherung  
(German air navigation safety provider) 

DIAL differential absorption lidar 

DICAD Bereitstellung des nationalen Beitrags zur 
Datenbasis des IPCC/AR6 und Unterstützung 
der CMIP6-Aktivitäten in Deutschland  
(BMBF project) 

DISC  Data, Innovation and Science Cluster 

DJF December January February 

DKRZ Deutsches Klimarechenzentrum 
(German Climate Computing Center) 

DL deep learning 

DLR Deutsches Zentrum für Luft- und Raumfahrt 
(German Aerospace Center) 

DLR-AS DLR Institute of Aerodynamics and Flow 
Technology 

DLR-DW DLR-Institut für Datenwissenschaften 
(Institute of Data Science) 

DLR-FT DLR Institut für Flugsystemtechnik  
(Institute of Flight Systems) 

DLR-FX DLR Institute Flight Experiments 

DLR-VT DLR-Institut für Verbrennungstechnik 
(Institute of Combustion Technology) 



 

 

145

      5.12 Abbreviations

Abbreviation Expansion 

DT decision tree 

DU Dobson units 

DWD Deutscher Wetterdienst 
(German weather service) 

DWL Doppler wind lidar 

EarthCARE Earth Cloud Aerosol and Radiation Explorer 
(ESA/JAXA satellite) 

EASA European Aviation Safety Agency 

ECATS Environmental Compatible Air Transport 
System (association) 

ECHAM ECMWF-HAMburg model 

ECLIF Emission and CLimate Impact of alternative 
Fuels (campaign) 

ECMWF European Centre for Medium-range Weather 
Forecasts 

Eco2Fly Ecological and Economical Flying  
(project/activity) 

ECVAL EarthCARE validation (campaign) 

EESM Exascale Earth System Modelling 

EGU  European Geosciences Union 

EI emission indices (quantity under assessment 
related to the mass of fuel burnt) 

EMAC ECHAM/MESSy Atmospheric Chemistry 
model 

EMBRACE Earth system Model Bias Reduction and as-
sessing Abrupt Climate change  
(project/activity) 

EMeRGe Effect of Megacities on the transport and 
transformation of pollutants on the Regional 
to Global scales (campaign) 

EMIL ECHAM/MESSy IdeaLized setup  
(model/algorithm) 

E-PRTR European Pollutant Release and Transfer 
Register 

ERA5, ERA-
Interim 

European Reanalysis (ECMWF) 

ERC European Research Council 

EREA Association of European Research  
Establishments in Aeronautics 

ERF effective radiative forcing 

ESA European Space Agency  

ESCiMo Earth System Chemistry integrated Modelling 
(project/activity) 

ESGF Earth System Grid Federation 

ESM Earth system model 

ESMVal Earth System Model Validation campaign 

ESMValTool Earth System Model eValuation Tool 

EULAG 
 

EUlerian/semi-LAGrangian geophysical flow 
solver (model/algorithm) 

EUMETSAT European Organisation for the Exploitation of 
Meteorological Satellites 

EUNADICS-AV European Natural Airborne Disaster Infor-
mation and Coordination System for AViation 
project 

EUREC4A ElUcidating the RolE of Cloud-Circulation-
Coupling in ClimAte (campaign) 

Abbreviation Expansion 

EUROCAE European Organisation for Civil Aviation 
Equipment 

EUROCONTROL European Organisation for the Safety of Air 
Navigation 

FAA Federal Aviation Administration 

FAAM Facility for Airborne Atmospheric Measurements 

Falcon Dassault Falcon 20-E5 aircraft 

FCDP Fast Cloud Droplet Probe (instrument) 

FFSSP Fast Forward Scattering Spectrometer Probe 
(instrument) 

FLEXPART FLEXible PARTicle dispersion model 

FP7 Seventh Framework Programme of the EU 

fPlay free Play (scenario for mitigation options to 
reduce the impact of road transport) 

FRU frequency reference unit (MERLIN) 

FTS Fourier transform spectrometer 

FZ Jülich Forschungszentrum Jülich  

GA General Assembly 

GBRT Gradient Boosted Regression Tree 

GCM general circulation model 

GEnx General Electric next generation  
(aircraft engine) 

Geophysica Mясищев (Myasishchev) M55 research aircraft 

GFD Gesellschaft für Flugzieldarstellung mbH, Hohn 

GHG greenhouse gas 

GML/XML Geography Markup Language / Extensible 
Markup Language  

GOES Geostationary Operational Environmental 
Satellite 

GOSAT Greenhouse gases Observing SATellite 

GPM Global Precipitation Mission  
(satellite network) 

GPP (terrestrial) gross primary productivity 

GW (atmospheric) gravity wave  

GW-LCYCLE Gravity Wave Life CYCLE campaign 

H2 hydrogen 

H2020 Horizon 2020 (EU programme) 

H2O water, typically water vapour 

H2SO4 sulphuric acid 

HALO High Altitude and Long Range Research 
aircraft (Gulfstream G550) 

HALO SPP DFG Schwerpunktprogramm 1294  
(Priority Program "Atmospheric and Earth 
System Research with HALO”) 

HALO-(AC)3 planned HALO campaign within the (AC)3 project 

HALOE HALogen Occultation Experiment (instrument) 

HALO-North planned HALO campaign, now referring to the 
transfer flights for HALO-South 

HALO-South planned HALO campaign 

HAMP  HALO Microwave Package (instrument) 

Hatpro Humidity And Temperature PROfiler  
(instrument) 

HCl hydrogen chloride, mostly hydrocloric acid 

HCOOH formic acid 
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Abbreviation Expansion 

HD(CP)2 High Definition Clouds and Precipitation for 
advancing Climate Prediction  
(research initiative) 

HGF Helmholtz-Gemeinschaft Deutscher For-
schungszentren (Helmholtz Association) 

HGF-ESM Advanced Earth System Modelling Capacity 
(HGF project) 

Himawari Japanese weather satellite 

HIRS High-resolution Infrared Radiation Sounder 
(instrument) 

HIWeather WMO High-Impact Weather Project 

HNO3 nitric acid 

HOLDON HgCdTe APD Optimization for Lidar Detection 
Of greeNhouse gases (project/activity) 

HOx hydroxyl radicals (OH + HO2) 

hPa hectopascal 

HPC high performance computing 

HRJ Reid Award NASA award 

HYSPLIT Hybrid Single Particle Lagrangian Integrated 
Trajectory model  

IAGOS In-service Aircraft for a Global Observing System 

IC institute council 

ICAO International Civil Aviation Organization 

ICE-GENESIS Creating the next generation of 3D simulation 
means for icing (EU project) 

ICLS interband-cascade-laser-based spectrometer 

ICON ICOsahedral Nonhydrostatic model 

ICON-ART ICON Aerosols and Reactive Trace gases 
(model/algorithm) 

ICON-ESM ICON Earth System Model 

ICON-GCM ICON Global Circulation Model 

ICON-LEM ICON Large-Eddy Model 

ICON-SRM ICON storm-resolving model 

IFS Integrated Forecasting System (ECMWF) 

IGAC International Global Atmospheric Chemistry 
(project/activity) 

InGaAs indium gallium arsenide 

IOT ice optical thickness 

IPA Institut für Physik der Atmosphäre 
(Institute of Atmospheric Physics) 

IPCC Intergovernmental Panel on Climate Change 

IPDA integrated path differential absorption 

IPO International Project Office 

IWC ice water content 

JAS July, August, September 

JAXA Japan Aerospace EXploration Agency 

Jet A1 conventional aviation fuel 

JFM January, February, March 

JJA June, July, August 

JJAS June, July, August, September 

JPL Jet Propulsion Laboratory (NASA) 

JRA25, JRA55 Japanese Meteorological Agency reanalyses 

KliSAW Klimarelevante Spurenstoffe, Aerosole und 
Wolken (project) 

Abbreviation Expansion 

KNMI  Koninklijk Nederlands Meteorologisch Instituut 
(Royal Netherlands Meteorological Institute) 

LAF sound level with ‘A’ frequency weighting and 
fast time weighting 

LaMETTA Lagrangian MESSy Tool for Trajectory Analysis 
(model/algorithm) 

LATMOS Laboratoire Atmosphères, Milieux,  
Observations Spatiales, France 

L-bows Land-based and on-board wake vortex systems 
(project/activity) 

LCM Lagrangian microphysical cloud model 

Learjet Learjet 35A (aircraft, operated by GFD) 

LES large-eddy simulation 

LiNOx lightning-produced NOx 

LMU Ludwig-Maximilians-Universität München 

LT local time 

m/z mass over charge ratio 

MA middle atmosphere (10-120 km) 

MABAK Innovative Methoden zur Analyse und  
Bewertung von Veränderungen der Atmo-
sphäre und des Klimasystems (project/activity) 

MACCity Monitoring Atmospheric Composition and 
Climate city emissions inventory 

MACClim Middle Atmosphere in a Changing Climate 
(project/activity) 

MADE3 Modal Aerosol Dynamics model for Europe, 
adapted for global applications,  
third generation 

MAM March, April, May 

MCI momentary conditional independence 

MDB Myasishchev Design Bureau 

MDER multiple diagnostic ensemble regression 

MDI Maximal Divergent Interval  
(model/algorithm) 

MECO(n) MESSy-fied ECHAM and COSMO-CLM models 
nested n times 

MERLIN MEthane Remote sensing LIdar missioN 

MERRA NASA’s Modern-Era Retrospective Analysis for 
Research and Applications 

MESSy Modular Earth Submodel System 

Met Office national meteorological service for the UK 

Meteosat series of European weather satellites 

MET-GATE IT solution to access aviation meteorological 
information 

METHANE-To-
Go 

Methane emissions from the Offshore Gas & 
Oil Operations in the Persian Gulf region 
(project/campaign, now: Quantification of CH4 
emissions from on- and off-shore fossil fuel 
production activities) 

MIP model intercomparison project 

MIRA MIllimeter-wave RAdar on HALO  
(instrument) 

ML-CIRRUS Mid-Latitude CIRRUS experiment (campaign) 

MLS Microwave Limb Sounder (instrument) 

MODIS Moderate Resolution Imaging Spectroradiometer 
(instrument) 
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Abbreviation Expansion 

MORABA DLR Mobile Raketenbasis  
(mobile rocket base) 

MOSAiC Multidisciplinary drifting Observatory for the 
Study of Arctic Climate (campaign) 

MPC major population centre 

MPI Max Planck Institute 

MPIOM Max Planck Institute Ocean Model 

MSG Meteosat second generation 

MSP meteor smoke particle 

MTG Meteosat third generation 

MTP Microwave Temperature Profiler  
(instrument) 

MWT mountain wave turbulence 

N2O nitrous oxide 

NARVAL Next-generation Aircraft Remote sensing for 
VALidation Studies (campaign) 

NASA National Aeronautics and Space  
Administration (USA) 

NAWDEX North Atlantic Waveguide and Downstream 
impact Experiment (campaign) 

NAWDIC North Atlantic Waveguide, Dry Intrusion, and 
Downstream Impact Campaign (campaign) 

NCAR National Center for Atmospheric Research 
(USA) 

Nd:YAG neodymium-doped yttrium aluminum garnet 

NDMAX NASA/DLR Multidisciplinary Airborne Experiment 
(campaign) 

NextGEN FAA Programme, USA 

NICo Next generation Intelligent Cockpit (pro-
ject/activity) 

NICT National Institute of Information and  
Communications Technology (Japan) 

NN neural network 

NO2 nitrogen dioxide 

NO3- nitrate 

NOAA National Oceanic and Atmospheric  
Administration (USA) 

NOx nitrogen oxides (NO + NO2) 

NOy total reactive nitrogen 

NSF National Science Foundation (USA) 

NWP  numerical weather prediction 

O3 ozone 

OAP optical array probe 

OH hydroxyl radical 

OMI Ozone Monitoring Instrument (instrument) 

OMO Oxidation Mechanism Observation (campaign) 

OND October, November, December 

P2P Probabilistic 2-Phase wake vortex model  

PC6 Pilatus PC-6 Porter  
(aircraft, operated by Bundesministerium für 
Landesverteidigung und Sport) 

PDMCH perfluorodimethylcyclohexane 

Perdigão-2017 lidar campaign to study the wake of a wind turbine 

PI principal investigator 

Abbreviation Expansion 

PIP Precipitation Imaging Probe (instrument) 

PMC Turbo Polar Mesospheric Cloud Turbulence  
experiment (campaign) 

PMWE1 Polar Mesospheric Winter Echos (campaign)  

PNJ polar night jet 

Polar 5 Basler BT-67 research aircraft 

POLDIRAD POLarisation DIversity Doppler RADar (instrument) 

POLINAT Pollution from air traffic emissions in the North 
Atlantic flight corridor (campaign) 

POLSTRACC POLar STRAtosphere in a Changing Climate 
(campaign) 

ppb parts per billion 

ppm parts per million 

ppt parts per trillion 

PRP partial radiative perturbation 

PVU potential vorticity unit 

PWE German Research Platform for Wind Energy 

QCLS quantum-cascade-laser-based spectrometer 
(instrument) 

Rad-TRAM Radar TRAcking and Monitoring  
(model/algorithm) 

RANS Reynolds-averaged Navier-Stokes  
(model/algorithm) 

RASTA Radar Aéroporté et Sol de Télédétection des 
Propriétés Nuageuses (instrument) 

RC1SD EMAC simulation 

RCP representative concentration pathway 

RECAT wake turbulence re-categorisation  
(project/activity) 

ref scenario for mitigation options to reduce the 
impact of road transport 

RF radiative forcing 

RM-CW randomly modulated continuous wave  

ROMARA Rocket borne Mass spectrometer for Research 
in the Atmosphere (instrument) 

RPG  RPG-Radiometer Physics GmbH 

rShift scenario for mitigation options to reduce the 
impact of road transport 

RTCA Radio Technical Commission for Aeronautics 

S2, S5 sensitivity simulations 

SAFIRE Service des Avions Français Instrumentés pour 
la Recherche en Environnement 

SAJF sustainable alternative jet fuel 

SALSA Seasonality of Air mass transport and origin in 
the Lowermost Stratosphere using the HALO 
Aircraft (campaign) 

SDG sustainable development goal 

SENS4ICE SENSors and certifiable hybrid architectures for 
safer aviation in ICing Environment  
(project/activity) 

SESAR Single European Sky ATM Research  
(project/activity) 

SEVIRI Spinning Enhanced Visible and InfRared  
Imager (instrument) 

SF5 monosulphur pentafluoride 
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Abbreviation Expansion 

SF6 sulphur hexafluoride 

SO2 sulphur dioxide  

SO4 sulphate 

SON September, October, November 

SouthTRAC TRAnsport and Composition of the Southern 
hemisphere UTLS experiment (campaign) 

SPARC Stratosphere-troposphere Processes And their 
Role in Climate (project/activity) 

specMACS spectrometer of the Munich Aerosol Cloud 
Scanner (instrument) 

SRTM Shuttle Radar Topography Mission 

SSG Scientific Steering Group 

SSJF semi-synthetic jet fuels 

StratoClim Stratospheric and upper tropospheric 
 processes for better Climate predictions 
(project/activity) 

SWIM system-wide information management 

SWIR-2 short-wave infrared (1550-1590 nm) 

SWV stratospheric water vapour 

T159, T255, 
T511 

grid resolution, indicating the truncation level 
in spectral space 

TAGGING MESSy submodel for tagging 

TASS terminal area simulation system 

TCCON Total Carbon Column Observing Network 

TDP TASS-Driven algorithms for wake Prediction 

TELMA TEmperature Lidar for Middle Atmosphere 
research (instrument) 

TiO2 titanium dioxide 

TL tropopause layer 

TOOC1 Tropical Oceans & Organized Convection 
(proposed HALO campaign) 

TraK Transport und Klima (transport and climate) 

TransClim Modelling the effect of surface transportation 
on climate (model/algorithm) 

TRMM Tropical Rainfall Measuring Mission (satellite) 

TROPOMI TROPOspheric Monitoring Instrument 

u unified atomic mass unit 

UNEP United Nations Environment Programme 

UNFCC United Nations Framework Convention on 
Climate Change 

USCB Upper Silesian coal basin 

USMILE Understanding and modellIng the Earth Sys-
tem with MachIne Learning (project/activity) 

Abbreviation Expansion 

UTC Coordinated Universal Time 

UTLS upper troposphere and lower stratosphere 

VADUGS Volcanic Ash Detection Using Geostationary 
Satellites (model/algorithm) 

VarCloud Variational scheme for retrieving ice Cloud 
properties from combined radar, lidar, and 
infrared radiometer (model/algorithm) 

VEU Verkehrsentwicklung und Umwelt  
(project/activity) 

VLD3 Very Large Demonstration Project 3 within 
SESAR 

VOC volatile organic compound 

W Watt(s) 

W2W Waves to Weather (project/activity) 

WALES WAter vapour Lidar Experiment in Space 
(instrument) 

WARAN WAter vapouR ANalyzer 
(instrument) 

WASCLIM role of gravity WAves in the southern hemi-
spheric circulation and CLIMate  
(project/activity) 

WAVEGUIDE planned HALO campaign 

WCRP World Climate Research Programme 

WEAA Wake Encounter Avoidance and Advisory 
system 

WeCare Utilizing Weather information for Climate 
efficient and eco efficient future aviation 
(campaign and project) 

WISE  Wave-driven ISentropic Exchange (campaign) 

WMO World Meteorological Organization 

WOLV WetterOptimierter LuftVerkehr 

WRF Weather Research and Forecasting model 

WSVBS Wirbelschleppenvorhersage- und  
-Beobachtungssystem (model/algorithm) 

WWLLN World Wide Lightning Location Network 

WWRP World Weather Research Program 

WxFUSION Weather Fusion of User Specific Information 
for Operational Nowcasting  
(WxFUSION GmbH) 

XCH4 column-averaged dry-air mole fraction of CH4 

XCO2 column-averaged dry-air mole fraction of CO2 

XN2O column-averaged dry-air mole fraction of N2O 
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      5.13 Figure sources

5.13 Figure sources 
Short references are given for sources listed in Section 5.10, full references for others.  
Unless otherwise stated, bold-typeface numbers in square brackets refer to Section 5.10.1. 

  

Figure  Source  

1-1 Lawrence, M.G. and Schäfer, S., 2019: Promises 
and perils of the Paris Agreement, Science, 364, 
829-830, doi: 10.1126/science.aaw4602. 

1-2 ESA/CNES/Arianespace 

1-3 Adapted from: Reichert, R. et al., 2019: Retrieval of 
intrinsic mesospheric gravity wave parameters using 
lidar and airglow temperature and meteor radar 
wind data. Atmos. Meas. Tech., 12, 5997–6015, 

doi: 10.5194/amt-12-5997-2019. 

1-4 Ed Dlugokencky, NOAA/ESRL 
www.esrl.noaa.gov/gmd/ccgg/trends_ch4/ 

1-5 Figure courtesy: Richard Moore, NASA 

1-6 "Cover 1", 98(2), p. I, February 2017. 

https://journals.ametsoc.org/toc/bams/98/2 

1-7 DLR IPA 

1-8 DLR IPA 

1-9 DLR IPA 

2.1-1 DLR IPA 

2.1-2 DLR IPA 

2.1-3 Photo by courtesy of: Trond Abrahamsen 

2.1-4 DLR IPA 

2.1-5 © CNES/illustration David DUCROS, 2016 

2.2-1 Adapted from: Gisinger, S. et al., 2020: Airborne 
measurements and large-eddy simulations of small-
scale Gravity Waves at the tropopause inversion 
layer over Scandinavia. Atm. Chem. Phys. Discuss., 
in review, doi: 10.5194/acp-2020-121. 

2.2-2 [52] Witschas, B. et al., 2020 

2.2-3 Adapted from: Lux, O. et al., 2019: Speckle Noise 
Reduction by Fiber Scrambling for Improving the 
Measurement Precision of an Airborne Wind Lidar 
System, 2019 Conference on Lasers and Electro-
Optics Europe and European Quantum Electronics 
Conference, OSA Technical Digest (Optical Society 
of America, 2019), paper ch_2_2. 

2.2-4 Adapted from [399] Herbst, J., and Vrancken, P., 2016 

And 

P. Vrancken, and J. Herbst, 2019: Development and 
Test of a Fringe-Imaging Direct-Detection Doppler 
Wind Lidar for Aeronautics, In: EPJ Web of Confer-
ences, Seiten 1-4. 29th International Laser Radar 
Conference, 24.–28. Jun. 2019, Hefei, China. 

Figure  Source  

2.2-5 DLR IPA 

2.2-6 Left: DLR IPA;  

Right: C.M. Volk (Institute for Atmospheric and Environ-
mental Research, University of Wuppertal, Germany) 

2.2-7 Adapted from [179] Fix, A. et al., 2018 

2.2-8 [261] Amediek, A., and Wirth, M., 2017 

2.2-9 Adapted from: [337] Quatrevalet M. et al., 2017 

2.2-10 [74] Ewald, F. et al., 2019 

2.2-11 Adapted from: Ewald, F. et al., 2017: Synergistic Meas-
urement of Ice Cloud Microphysics using C- and Ka-
Band Radars, AGU Fall Meeting 2017, A31G-2275. 

2.2-12 [64] Cazenave, Q. et al., 2019 

2.3-1 [350] Adapted from: Strandgren, J. et al., 2017 

2.3-2 Adapted from: [82] Gierens, K., and Eleftheratos, 
K., 2019 

2.3-3 Adapted from: [111] Luther, A. et al., 2019 

2.3-4 Adapted from: [51] Wilzewski, J. et al., 2020 

2.4-1 Adapted from: [107] Kostinek, J. et al., 2019 

2.4-2 Adapted from: Puehl, M., 2019: Performance and 
analysis of airborne observations of atmospheric Nitro-
gen Dioxide and Ozone over the German cities Berlin 
and Stuttgart, Masterarbeit, TU München. 

2.4-3 [413] Kaufmann, S. et al., 2016 

2.4-4 Adapted from: [308] Jurkat, T. et al., 2017 

2.4-5 DLR IPA 

2.4-6 DLR IPA 

2.4-7 DLR IPA 

2.4-8 Adapted from: Scheibe, M., 2015: Modifikation und 
Test eine TiO2-Halbleiters zur Nutzung als SO2-
Sensor. Bachelor Thesis, Wilhelm Büchner Hoch-
schule, Darmstadt; Fachbereich Ingenieurswissen-
schaften, Studiengang Maschinenbau 

2.4-9 DLR IPA and Droplet Measurement Technologies 

2.4-10 DLR IPA 

2.4-11 Adapted from: Hahn, V., 2019: Development of a 
Calibration Setup for Cloud Spectrometers and In-
Situ Measurements of Low Level Clouds in West 
Africa, Masterarbeit, Ludwig-Maximilians-Universität 
München. 
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Figure  Source  

2.4-12 DLR IPA 

2.4-13 DLR IPA 

2.5-1 DLR IPA 

2.5-2 Adapted from: Fritsch, F.: Modelling of stratospheric 
transport time distributions for inert and chemically 
active species, Dissertation, Ludwig-Maximilians-
Universität München, submitted 2020. 

2.5-3 [62] Brinkop, S. and Jöckel, P., 2019 

2-5-4 [29] Mertens, M. et al., 2020 

2.5-5 [38] Righi, M. et al., 2020 

2.5-6 [57] Bier, A. und Burkhardt, U., 2019 

2.5-7 Yamashita, H. et al., 2019: Various aircraft routing 
options for air traffic simulation in the chemistry-
climate model EMAC 2.53: AirTraf 2.0, Geosci. 
Model Dev. Discuss., in review, doi: 10.5194/gmd-
2019-331. 

2.5-8 Rieger, V., 2018: A new method to assess the 
climate effect of mitigation strategies for road 
traffic. Dissertation, DLR, Institut für Physik der 
Atmosphäre und Delft University of Technology. 

2.5-9 [76] Eyring, V. et al. 2019 

2.6-1 Adapted from Fig. 3 of: [177] Englberger, A., and 
Dörnbrack, A., 2018 

2.6-2 Adapted from: [355] Unterstrasser, S. et al., 2017 

2.6-3 [53] Zholtovski, S. et al., 2020 

2.7-1 [350] Strandgren, J. et al., 2017 

2.7-2 Runge, J. et al., 2019: Detecting and quantifying 
causal associations in large nonlinear time series 
datasets, Sci. Adv., 5, 11, doi: 
10.1126/sciadv.aau4996. 

2.7-3 Zitzmann, S.: Detecting Activity of Tropical Cyclones 
with the Unsupervised Maximally Divergent Interval 
Algorithm, Master Thesis, LMU, March 2020. 

2.7-4 [350] Strandgren, J. et al., 2017 

3.1-1 DLR IPA 

3.1-2 DLR IPA 

3.1-3 [52] Witschas, B. et al., 2020 

3.1-4 [87] Gutleben, M. et al., 2019 

3.1-5 DLR IPA 

3.1-6 DLR IPA 

3.1-7 DLR IPA 

3.1-8 DLR IPA 

Figure  Source  

3.1-9 [315] Kiemle, C. et al., 2017 

3.1-10 DLR IPA 

3.1-11 [79] Fix, A. et al., 2019 

3.1-12 Top: [283] Ehard, B. et al., 2017 

Bottom: DLR IPA 

3.1-13 DLR IPA 

3.1-14 DLR IPA 

3.1-15 [72] Eichinger, R. et al., 2019 

3.1-16 [12] Fritsch, F. et al., 2020 

3.1-17 [19] Kautz, L.-A. et al., 2020 

3.1-18 [238] Schäfler, A. et al., 2018 

3.1-19 DLR IPA 

3.1-20 Fix, A. et al., 2018: On the pathway to new green-
house gas monitoring systems. Invited presentation 
at the German Pavilion, COP24, UNFCC Climate 
Change Conference, 5. Dez. 2018, Katowice, Po-
land, 2019 

3.1-21 Fiehn, A. et al., 2020: Estimating CH4, CO2, and CO 
emissions from coal mining and industrial activities 
in the Upper Silesian Coal Basin using an aircraft-
based mass balance approach, Atmos. Chem. Phys. 
Discuss., in review, doi: 10.5194/acp-2020-282. 

3.1-22 [21] Klausner, T. et al., 2020 

3.1-23 [153] Winterstein, F. et al., 2019 

3.1-24 [382] Brinkop, S. et al., 2016 

3.1-25 [116] Marsing, A. et al., 2019 

3.1-26 [67] Dameris, M. et al., 2019 

3.1-27 [187] Gottschaldt, K.-D. et al., 2018 

3.1-28 DLR IPA 

3.1-29 [431] Nützel, M. et al., 2016 

3.1-30 [118] Nützel, M. et al., 2019 

3.1-31 [170] Dhomse, S. et al., 2018 

3.1-32 DLR IPA 

3.1-33 [214] Lauer, A. et al., 2018 

3.1-34 [37] Righi, M. et al., 2020 

3.1-35 [321] Lauer, A. et al., 2017 

3.1-36 [456] Wenzel, S. et al., 2016 

3.1-37 Adapted from: [43] Senftleben, D. et al., 2020 

3.1-38 [33] Nowack, P. et al., 2020  
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Figure  Source  

3.1-39 [391] Eyring, V. et al.; 2016 

3.1-40 Bock, L. et al., 2020: Quantifying progress across 
different CMIP phases with the ESMValTool, J. 
Geophys. Res., in review. 

3.2-1 DLR IPA, based on sources stated in the figure caption 

3.2-2 Left: [448] Unterstrasser, S., 2016 

Right: [209] Kleine, J. et al., 2018  

3.2-3 [359] Voigt, C. et al., 2017 

3.2-4 Adapted from: [341] Schumann, U., et al,  

3.2-5 DLR IPA 

3.2-6 Adapted from: [58] Bock, L., and Burkhardt, U., 2019 

3.2-7 Adapted from: [300] Grewe, V. et al., 2017 

3.2-8 [85] Grewe, V. et al., 2019 

3.2-9 Adapted from: [248] Urbanek, B. et al., 2018 

3.2-10 [438] Righi, M. et al., 2016 

3.2-11 [5] Bickel, M. et al., 2020 

3.2-12 [203] Kärcher, B., 2018 

3.2-13 [411] Kärcher, B., 2016 

3.2-14 [329] Moore, R.H. et al., 2017 

3.2-15 DLR IPA 

3.2-16 DLR IPA 

3.2-17 [166] Burkhardt, U. et al., 2018 

3.2-18 DLR IPA 

3.2-19 [326] Matthes, S. et al., 2017 

3.2-20 [299] Grewe, V. et al., 2017 

3.2-21 Top: [296] Grewe, V. et al., 2017 

Bottom: [297] Grewe, V. et al., 2017 

3.2-22 [137] Stephan, A. et al., 2019 

3.2-23 Holzäpfel, F. et al., 2020: Plate Lines Reduce Life-
time of Wake Vortices During Final Approach to 
Vienna Airport, AIAA Paper 2020-0050, AIAA 
SciTech Forum 2020, Orlando, FL, 18 pages. 

3.2-24 Holzäpfel, F. et al., 2020: Plate Lines Reduce Life-
time of Wake Vortices During Final Approach to 
Vienna Airport, AIAA Paper 2020-0050, AIAA 
SciTech Forum 2020, Orlando, FL, 18 pages. 

3.2-25 [106] Körner, S. et al., 2019 

3.2-26 Photos: Institute of Flight Systems 

3.2-27 [1 in Section 5.10.2] Holzäpfel, F. et al., 2019 

Figure  Source  

3.2-28 [288] Forster, C. et al., 2017 

3.2-29 [415] Köhler, M. et al., 2016  

3.2-30 [6] Bramberger, M. et al., 2020 

3.2-31 [6] Bramberger, M. et al., 2020 

3.2-32 DLR IPA 

3.2-33 Adapted from: [269] Braga, R. C. et al., 2017 

And: Jurkat-Witschas, T. et al., 2019: Impact of 
aerosol on droplet number at cloud base and on the 
altitude of freezing in convective clouds, SAE Inter-
national Conference on Icing of Aircraft, Engines 
and Structure, Minneapolis, MN. 

3.3-1 [196] Hendricks, J. et al., 2018 

3.3-2 [196] Hendricks, J. et al., 2018 

3.3-3 [28] Mertens, M. et al., 2020 

3.3-4 DLR IPA 

3.3-5 V. Rieger, 2018: A new method to assess the cli-
mate effect of mitigation strategies for road traffic. 
Dissertation, DLR, Institut für Physik der Atmosphäre 
und Delft University of Technology. 

3.3-6 V. Rieger, 2018: A new method to assess the cli-
mate effect of mitigation strategies for road traffic. 
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